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Abstract 
 
Nanotechnology has shown great promise, but environmental concerns may limit its potential. 
To establish environmental guidelines for the sustainable use of carbon nanotubes and nanosilver, we 
investigated nano-waste disposal practices in research laboratories at WPI and reviewed over 90 papers 
on nanoparticle toxicity, risk mitigation, and environmental behavior. We then performed risk 
assessments that suggested no environmental risk from carbon nanotubes but potential risk from 
nanosilver. The guidelines highlighted risk mitigation strategies (release reduction and contamination 
treatment), research priorities, production data collection, and consumer awareness promotion.  
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 Engineered nanoparticles have shown great promise in medicine, electronics, physics, and 
environmental science.  In particular, nanosilver has been gaining popularity in consumer products as an 
antibacterial agent. Carbon nanotubes, an excellent material for electronic devices, are also expected to 
be widely produced and used in the near future. However, the possibility of environmental risks from 
these nanoparticles has raised concern, which has motivated regulations and guidelines for their 
manufacturing and usage. To date, these efforts are still at a preliminary stage, largely because the level 
of environmental risk from nanoparticles has not been well characterized.   
In light of this background, we present here a set of guidelines for carbon nanotubes and 
nanosilver highlighting potential risk mitigation, future research, production data collection, and 
consumer product labeling. The basis for the guidelines was a literature review of over 90 scientific 
papers on nanoparticle toxicity and environmental interaction (Chapter 4).  The review, complemented 
by two case studies at WPI on the disposal of carbon nanotubes (Chapter 3), revealed the current 
knowledge level and treatment practices in the field.  Next, we developed a qualitative risk assessment 
for carbon nanotubes and a quantitative risk assessment for nanosilver (Chapter 5).   From this extensive 
body of research, practical guidelines were developed to assist in the environmentally friendly use of the 
two nanoparticles (Chapter 6). Recommendations were given to future related IQPs (Chapter 7). 
The literature review drew upon 45 academic papers on carbon nanotubes and 51 academic 
papers on nanosilver, among other sources. Of the papers, most focused on either in vitro (out-of-body) 
toxicity or in vivo (whole animal) toxicity. Summaries of those papers are tabulated in a 23-page 
appendix.  The rest of the papers in the literature review focused on environmental fate and transport, 
exposure modeling, risk mitigation, and analytical methods.  
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The majority of the in vitro toxicity studies on carbon nanotubes used epithelial cells and lung 
cells, while in vivo studies used rats and mice to assess respiratory risk for carbon nanotubes.  The 
median lethal concentration of carbon nanotube toxicity in vivo to environmentally relevant aquatic 
organisms was estimated to be 1-10 mg/l, and the in vitro median lethal concentration was 
approximately 10-100 mg/l. The toxicity of single-walled carbon nanotubes was greater than the toxicity 
of multi-walled carbon nanotubes. Increasing length raised toxicity but reduced dispersion from the 
main airways. The bioavailability of metal catalysts in carbon nanotubes was a major determinant of 
acute toxicity, and structural defects were also identified as a possible cause.  Several mechanisms for 
toxicity were identified:  
(1) Generation of free radicals by scavenging activity using metal catalysts,   
(2) Absorption of nutrients from cellular environment,   
(3) Respiratory inflammation and damage similar to that caused by asbestos, and   
(4) Cell membrane damage caused by oxidative stress.   
Although the available research was limited, a small number of studies were read on the 
environmental fate and transport of carbon nanotubes.   The toxicity of carbon nanotubes decreased 
after long term exposure to natural organic matter, and nanotubes were stabilized in natural organic 
matter.   
Most of the in vitro studies on nanosilver toxicity used mammalian cells. In vivo studies were 
more varied, some using water-borne organisms to study nanosilver’s effect on aquatic ecosystems. 
Toxic doses, expressed as median effective or lethal concentrations (EC50 or LC50), were as low as 34.6 
μg/l in vivo to a fish species but no lower than 0.53 mg/l in vitro to mammalian cells. Reported toxic 
doses differed by three orders of magnitude both in vivo and in vitro, depending on the organism type, 
cell type, or organism development stage (for example, adult versus embryo). The cellular toxicity 
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between silver ions and silver nanoparticles might be close, and polymer-coated nanosilver might be 
more toxic, but little evidence was available. As for mechanism, nanosilver may take effect in vivo as 
both nanoparticles and ions, with nanoparticles furthering the ions’ impacts. Cellular mechanistic 
studies almost exclusively explored oxidative stress, but the evidence was not strong enough for a 
convincing conclusion. 
Environmental aspects of nanosilver have not been well studied. Three groups of researchers 
using simulated environmental conditions all found no toxic effect from nanosilver. Synergistic, or “more 
than additive” toxicity was observed for nanosilver with antibiotics and a detergent component. One 
study confirmed nanosilver’s toxicity to nitrifying bacteria. Information on nanosilver release from 
consumer products and environmental exposure modeling, though scarce, was helpful to our risk 
assessment and guidelines. 
Two case studies with WPI professors working with carbon nanotubes identified two disposal 
methods for carbon nanotubes in a real world context:  direct disposal following functionalization and 
incineration off-site.  Both research laboratories claimed to use very small amounts of carbon 
nanotubes. 
With the literature review and the case studies as our knowledge base, we conducted 
environmental risk assessments for the two nanoparticles. The risk of carbon nanotubes was assessed 
qualitatively.  This assessment focused on estimates of external exposure and their relationship to 
internal exposure.  These estimates were then discussed in the context of the expected environmental 
concentrations.  For respiratory toxicity, it was concluded that carbon nanotubes have many of the same 
effects of asbestos, but that the long term ability of carbon nanotubes to accumulate in the lungs is not 
well understood, and thus there is not enough information to know if these effects will actually be 
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reached.  Exposure through digestion did not lead to significant exposure to specific organs or 
accumulation in the body.    
For nanosilver, we quantitatively assessed the environmental risk by comparing predicted 
environmental concentration of nanosilver with the highest tolerable concentration, 3.46 × 10-5 mg/l, 
which was obtained by dividing acute toxicity indices (EC50 or LC50) by a safety factor of 1000.  A model 
was built to calculate nanosilver concentration in continental surface water, assuming constant 
production scale and finite accumulation time.  Taking parameter values from the literature, we applied 
the model to a global-scale screening-level assessment. Two scenarios were constructed due to large 
uncertainties in the data, and we found possible risk in the high-risk scenario (6.0 × 10-5 mg/l) but no risk 
in the low-risk scenario (4.0 × 10-11 mg/l).  Though crude, the assessment was instructive for our 
guidelines: it demonstrated the necessity of better risk mitigation methods and more research on in vivo 
toxicity and environmental aspects of nanosilver. 
All the above research helped us develop a set of guidelines for the environmentally friendly 
usage of carbon nanotubes and nanosilver.  Guidelines for carbon nanotubes were developed in three 
major areas:  
(1) Risk mitigation strategies. By applying antioxidants, one could mitigate the damage of oxidative 
stress to cell membrane and disperse carbon nanotubes near known concentrated releases.  
Tocopheryl polyethylene glycol succinate (TPGS) was suggested as a healthy and commercially 
available antioxidant surfactant for green processing of carbon nanotubes. 
(2) Research priorities. We suggested more research on in vivo research on environmentally 
relevant species, long-term environmental fate and transport, risk mitigation strategy, and 
toxicity mechanisms.   
Page 15 of 171 
Executive Summary 
 
(3) Companies and government. Currently industrial-scale synthesis always incorporated heavy 
metal catalysts. Companies should explore more green manufacturing methods that could avoid 
or minimize the use of these catalysts. Also, the government should have a better control on 
production data collection from companies. The production data are crucial for future 
development of guildelines or regulation for nanomaterials.  
Similarly, guidelines for nanosilver were developed in three major areas:  
(1) Risk mitigation strategies.  Reduction of nanosilver release or toxicity may be achieved by 
trapping the nanoparticles in organic structures or growing nanosilver on TiO2 substrates to 
make its activity switchable by light irradiation. Manufacturers of nanosilver-containing fabrics 
may reduce silver release by using larger and more spherically-shaped silver nanoparticles, 
incorporating the particles inside the fabric matrix, and instructing consumers to use less 
oxidizing detergents. Sulfur-containing ligands may be useful in contamination treatment. 
(2) Research priorities. Toxicity research should emphasize environmentally relevant in vivo studies. 
For regulatory needs, the comparative toxicity of nanosilver and silver ions and among 
differently sized, shaped, and coated nanosilver should be better studied. Consumer safety 
requires more studies of human dermal exposure.  Further development of environmental 
behavior models, environmental monitoring tools, and risk mitigation methods is also essential.  
(3) Companies and government.  Production data, which are essential to informed regulation, 
should be collected by the government by a method more forceful than the current voluntary 
stewardship program.  Ideally the collected data should include not only production scale but 
also nanoparticle characterizations, such as size, shape and coating.  On a voluntary basis, 
companies should consider labeling nanosilver-containing consumer products. 
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To conclude, drawing upon over 90 peer-reviewed papers, a literature review was developed for 
carbon nanotubes and nanosilver.  Case studies were conducted with two WPI professors on disposal 
methods for carbon nanotubes and risk assessments were conducted for both nanoparticles.  This led to 
the development of a comprehensive set of guidelines. We sincerely hope that government agencies, 
manufacturers, and researchers can follow these guidelines to ensure the environmentally friendly use 
of carbon nanotubes and nanosilver in order to maximize their benefits to humanity. 
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1.1 Background 
 Nanotechnology, defined by the US National Nanotechnology Initiative (NNI) as the engineering 
of nanoparticles on the scale of 1-100 nm,1 has shown incredible promise in a wide variety of fields.  
Medical researchers are developing gold nanoshells that resonate under specific light frequencies that 
the human body is transparent to.  These nanoshells could be used as a form of precision 
chemotherapy, damaging cancer cells around the nanoshells while leaving the healthy cell unharmed. 2  
Nanotechnology researchers are exploring the use of carbon nanotubes3 as nanoscale wires because of 
their unique conductive properties.  Nanotubes in particular have a great deal to offer the field of 
microelectronics.  In theory a nanotube-based transistor could switch states at a rate as fast as 1000 
GHz.4  Carbon nanotubes conduct heat as well as diamonds or sapphire, while still acting as excellent 
electrical conductors.5
While many of the greatest applications of nanotechnology are not yet fully realized, today 
there are many nanoparticles in commercial production.  As of August 25, 2009, there were over 1015 
nano-enabled consumer products on the market, almost five times the products in March 2006.
 
6  
Nanosilver7
                                                          
1 http://www.nano.gov/html/facts/faqs.html 
 is most commonly used as an antibacterial agent in clothing (especially socks) and is 
2 Harry Atwater, Scientific American: The Rise of Nanotech: The Promise of Plasmonics, Page 60 
3 Carbon nanotubes (CNTs) may be single-walled (SWCNT), consisting of a single layered cylinder of carbon atoms 
arranged in a hexagonal pattern, or multi-walled (MWCNT), consisting of several concentric single-walled 
nanotubes. 
4 Philip Collins and Phaedon Avouris, Scientific American’s Understanding Nanotechnology: Nanotubes for 
Electronics 
5 Scientific American’s Understanding Nanotechnology: Nanotubes for Electronics 
6 http://www.nanotechproject.org/inventories/consumer/analysis_draft/  
7 The terms “nanosilver” and “silver nanoparticles” are used interchangeably. “Ag-NP” is a commonly used 
abbreviation. 
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currently the most commonly used nanoparticle in consumer products. However, with rapidly dropping 
prices, there is speculation that nanotubes may soon become the most commonly used nanoparticle 
(Figure 1).8
 
     
Figure 1. Silver nanoparticles9 (left) at 50,000× magnification and carbon nanotube simulation10
 The great promise of nanotechnology, however, is threatened by its potential to adversely affect 
the environment.  In 2008 the US Senate held hearings that brought to light environmental concerns 
related to nanotechnology as part of a discussion on the reauthorization of the National 
Nanotechnology Initiative (NNI).
 (right) with balls 
representing carbon atoms and sticks representing bonds.  
11
                                                          
8 http://www.pewtrusts.org/news_room_detail.aspx?id=38330, 3 
    In one testimony, Lee Ferguson, professor of chemistry and 
biochemistry at the University of South Carolina, said that there is evidence that human and 
9 Picture of Nanosilver, http://www.nanotech-now.com/images/ND-Silver-Particles.jpg 
10 Picture of Single Walled Nanotube, http://legalplanet.files.wordpress.com/2009/06/nanotube_article1.jpg 
11 http://commerce.senate.gov/public/index.cfm?FuseAction=Hearings.Hearing&Hearing_ID=5fdb60ea-8841-401c-
9290-019eeb84e11c 
Page 19 of 171 
Chapter 1    Introduction 
 
environmental exposure to nanomaterials carries risk of direct toxicity and indirect toxicity through 
biological uptake.12
 The existence of these possible environmental harms motivates the study of guidelines and 
policy suggestions for nanotechnology companies and researchers.  On the basis of our knowledge of 
previous research and regulation efforts (Section 1.2), we do not believe that there is enough 
information to develop detailed policy suggestions.  Thus, this project has focused on developing 
guidelines for the environmentally friendly usage of nanotechnology.  The guidelines are based on a 
literature review and on risk assessments of environmental risks.  The literature review draws on the 
findings of over 90 research papers, the majority of which are in vitro or in vivo toxicity studies, and lays 
the foundation for the risk assessment and the formulation of environmental guidelines for 
nanotechnology.   
   
This project focuses exclusively on the development of environmental guidelines for carbon 
nanotubes and silver nanoparticles.  (See the Proposal in Appendix A.) There are several reasons why we 
choose to focus on these two nanoparticles. (For more information, see Section 1.3.) Both nanoparticles 
are already in widespread commercial production, and toxicity research, in vitro and in vivo, has been 
conducted on both nanoparticles.  Nano-TiO2 is also widely produced, but an extensive and up-to-date 
review of the research on its risks is already being drawn,13
1.2 Previous Research and Regulation Efforts 
 and thus we felt that focusing exclusively on 
nanosilver and carbon nanotubes would give our research greater significance.   
In the United States, research on environmental health and safety (EHS) issues of nanoparticles 
is coordinated under the National Nanotechnology Initiative (NNI), which has published its Strategy for 
                                                          
12 Ferguson Testimony Page 2, http://commerce.senate.gov/public/_files/FergusonTestimony.pdf 
13 http://oaspub.epa.gov/eims/eimscomm.getfile?p_download_id=490825 
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Nanotechnology-Related Environmental, Health, and Safety Research.14 Specific research projects are 
being funded by National Science Foundation (NSF), National Institute of Standards and Technology 
(NIST), US Environmental Protection Agency (EPA), National Institute of health (NIH), Department of 
Energy (DOE), National Institute of Occupational Safety and Health (NIOSH), US Department of 
Agriculture (USDA), and Department of Defense (DOD). Active research is also taking place in Canada 
and throughout Europe and Asia.15 International efforts in data development coordinated by 
Organisation for Economic Co-operation and Development’s Working Party on Manufactured 
Nanomaterials (OECD/WPMN), which the US EPA chairs. The International Organization for 
Standardization (ISO) has also established a technical committee for nanotechnology standardization.16
Many nanoparticles have non-nanoscale counterparts that are regulated under the Toxic 
Substances Control Act (TSCA). Whether nanoparticles should be listed as new pollutants in the TSCA 
inventory is currently under great controversy. As the administrator of TSCA, EPA has stated that the 
agency “intends to determine whether nanoscale substances are new or existing chemical substances 
based on the case-by-case approach,”
  
17
Related to TSCA is EPA’s Nanoscale Material Stewardship Program (NMSP), which tries to have 
the industry included, on a voluntary basis, into the effort of characterizing nanosilver’s EHS risks. 
Although the program was claimed to be successful in EPA’s interim report, the small number of 
participants and reported products suggests that a better way is needed for collecting related 
information. The program is still in progress and a final report is expected in early 2010.
 leaving the future of nanoparticles’ regulation unclear. 
18
                                                          
14 http://www.nano.gov/NNI_EHS_Research_Strategy.pdf 
 Initiatives 
similar to NMSP, under the coordination of OECD/WPMN’s project on Co-operation on Voluntary 
15 http://www.nanotechproject.org/inventories/ehs/ 
16 http://www.olis.oecd.org/olis/2009doc.nsf/LinkTo/NT00006F1E/$FILE/JT03274953.PDF 
17 http://www.epa.gov/oppt/nano/nmsp-inventorypaper.pdf 
18 http://www.epa.gov/oppt/nano/nmsp-interim-report-final.pdf 
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Schemes and Regulatory Programmes, exist in Australia, Denmark, Germany, Ireland, and the United 
Kingdom, while Canada is planning to launch a mandatory reporting program.19
1.2.1 Carbon Nanotubes 
 
Carbon nanotubes distinguish themselves from normal carbon by their unique physical and 
chemical properties. Even carbon nanotubes should not be treated as a uniform group because of the 
differences in surface area, shape, oxidant generation, surface charge, solubility, surface 
functionalization, and chemical composition.20
The National Institute for Occupational Safety and Health (NIOSH) developed a document 
summarizing and discussing the potential health and safety risks of engineered nanoparticles.
 The study of the impact of carbon nanotubes to the 
environment is thus a complex issue that requires further investigation. 
21
 Another review focuses specifically on the environmental and human health of carbon 
nanotubes.
 
Nanoparticles have a great chance of entering the human body through the respiratory system or by the 
contact with the skin.  Some researchers [1-5] report adverse lung effects of carbon nanotubes.  Because 
of the small scale of nanoparticles, they can also enter the blood stream and then transfer to other 
organs. Workplace exposure risks were assessed and precautionary guidelines on occupational safety 
were raised in this report, but the environmental risks were not mentioned. 
22
                                                          
19 http://www.olis.oecd.org/olis/2009doc.nsf/LinkTo/NT00006F1E/$FILE/JT03274953.PDF 
 However, most of the studies were about human health, especially in vitro studies. 
Environmental impact of carbon nanotubes is poorly investigated. Two aspects of exposure to carbon 
nanotubes were summarized: exposure in occupational settings and through environmental media. 
20 The Nanotoxicoloty Research Program in NIOSH, 
http://www.springerlink.com/content/c302m62567162101/fulltext.pdf  
21 Approaches to Safe Nanotechonology, http://www.cdc.gov/niosh/docs/2009-125/pdfs/2009-125.pdf 
22 Reviewing the Environmental and Human Health Knowledge Base of Carbon Nanotubes, 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1940104/ 
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Seven leading scientists in the field of nanotechnology were interviewed and one of them stated that 
the current impact assessments have been conducted without any overall research strategy.23
A life cycle and environmental fate model was elaborated for carbon nanotubes in this review 
(Figure 2). It is instructive to understand different life cycle stages, not only because the physical and 
chemical properties may be altered under different circumstances, but also because research on 
mitigation methods usually targets a certain stage of the life cycle. 
  
 
Figure 2. Life cycle and environmental fate of carbon nanotubes [6]. 
Once released into the environment, carbon nanotubes appear to be bioavailable and 
biopersistent. Therefore there is a potential that carbon nanotubes may enter the food chain. The 
                                                          
23 Supplemental Material, http://www.ehponline.org/docs/2007/9652/suppl.pdf 
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model used for studying the effect of carbon nanotubes, such as the material, test procedures, and cell 
models/organisms, needs to be standardized to improve future studies in toxicity. 
To conclude, the affect of carbon nanotubes on the environment needs further investigation. 
Research is needed to find out the key mechanisms of nanotubes that determine their hazard potential. 
It is essential for the development of nanotechnology industry to be safe and ecologically friendly. 
1.2.2 Nanosilver 
Before the relatively recent interest in the environmental, health, and safety (EHS) issues of 
nanosilver,24 which will be discussed in detail in Section 4.2 of this report, a great deal of research was 
devoted to its antimicrobial property. As a consequence, usage of nanosilver as an antibacterial reagent 
rapidly gained popularity. As of August, 2009, 259 consumer products explicitly claimed using 
nanosilver, compared to fewer than thirty in March, 2006, according to the Project on Emerging 
Nanotechnology (PEN).25
Traditional silver is a registered pollutant on the TSCA inventory.
 Through those studies, it was revealed that factors besides the traditional 
mass-based dose, such as size and shape, whose great variety arose from the multitude of methods for 
nanosilver synthesis, might be important in determining the antimicrobial activity of the nanoparticles 
[7]. The new characteristics gave rise to concern about nanosilver’s possibly unique EHS risks. 
26
                                                          
24 See Table 5 in Section 4.2. 
 EPA has so far been 
ambiguous as to whether it will regulate nanosilver as traditional silver or as a new substance. Besides 
TSCA, the Federal Food, Drug, and Cosmetic Act (FFDCA) and the Federal Insecticide, Fungicide, and 
Rodenticide Act (FIFRA) also pertain to nanosilver. Under FFDCA and FIFRA, antibacterial agents are 
25 http://www.nanotechproject.org/inventories/consumer/analysis_draft/ 
26 Search result from 
http://iaspub.epa.gov/sor_internet/registry/substreg/searchandretrieve/substancesearch/search.do 
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classified as pesticides and therefore must be registered at EPA before distribution or sale.27 Citing a 
difficulty in deciding residue level tolerance, EPA has been slow in such registrations for nanosilver 
products: at least two products have been registered, but many more applications are pending. It should 
be noted that for such registrations EPA requires many unconventional physical and chemical 
properties: size and size distribution; surface area and surface reactivity; zeta potential28; surface 
charge; catalytic properties; and aggregation or agglomeration, including conditions which are 
conducive to these processes (pH, temp etc.).29
1.3 Goals 
  
This IQP is aimed at creating environmental guidelines on nanotubes and nanosilver for 
companies and organizations.  Rather than only protecting workers and researchers, these guidelines 
will cover the ecosystem and the general public, the security of which is not sufficiently addressed by 
the existing regulations and guidelines.   
The first goal of this IQP was to write a review of the scientific literature that has important 
information on environmental effects or the development of guidelines. These sources included in vivo 
and in vitro studies of the toxicity of carbon nanotubes and nanosilver using cellular assays, exposure 
modeling of nanoparticles in the environment [8], and information gathered from the case studies. The 
second goal was to perform a risk assessment of nanosilver and carbon nanotube through the 
application of the critical results of the literature review.  The mechanism of the nanoparticle’s 
environmental hazard was studied, despite the conflicts that arose between the results in different 
                                                          
27 FIFRA, Sec. 3(a), FFDCA, Sec. 402(a), Sec. 408(b) 
28 Electrokinetic potential in colloidal systems. 
29 The above information is obtained from a presentation at a November 2009 meeting: 
http://www.regulations.gov/search/Regs/contentStreamer?objectId=0900006480a50e10&disposition=attachment
&contentType=ppt8 . For more information, see 
http://pubs.acs.org/isubscribe/journals/cen/87/i48/html/8748gov1.html 
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scientific publications.  When possible, the literature review noted discrepancies in research findings 
and suggested possible explanations for the disagreements.  A quantitative risk assessment of nanosilver 
in the environment using the stock and flow model was carried out and a qualitative risk assessment of 
nanotubes in the environment was conducted using an evaluation of the literature on respiratory 
toxicity and an ecological risk assessment.  The case studies that were conducted shed light upon 
different disposal methods and the life cycle of carbon nanotubes in the work of academic researchers.   
The last major goal of this IQP was the development of guidelines for carbon nanotubes and 
nanosilver from the results of the literature review and risk assessment.  This process was assisted by 
research papers discussing the mitigation of the possible harms of carbon nanotubes and nanosilver in 
the environment at different stages of the life cycle.  Research priorities were also suggested to the 
scientific community in an effort to improve the prospects for future environmental assessments and 
guidelines.  Suggestions were made to the manufacturers and government to encourage better labeling 
and disclosure of production quantities.   
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The general methodology of the project is outlined in Figure 3. A literature review of scientific 
papers on nanoparticle toxicity and environmental interaction, among other sources, served to build the 
knowledge base for all subsequent work.  Two case studies with WPI research laboratories helped reveal 
real-life nano-waste disposal practices and were an important complement to the literature review.  
Based on these, we developed environmental risk assessments for carbon nanotubes and nanosilver, 
following the routine scheme in the risk-assessment profession [9]. From this extensive body of 
research, guidelines for risk mitigation methods, future research, and corporate and governmental 
recommendations were developed to help ensure the environmentally friendly and sustainable use of 
carbon nanotubes and nanosilver.   
 
Figure 3. General methodology of the project.  
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2.1 Literature Review30
Our search in the scientific literature related to environmental health and safety issues of 
nanosilver and carbon nanotubes started from the Quick Find Multi-Database Search provided by WPI’s 
George C. Gordon Library
 
31 and the Science Direct database.32 Google Scholar and ISI Web of Knowledge 
were also used, and brief statistics of the search results are given in Sections 4.1 and 4.2. Later we 
proceeded to several databases more customized to the topic of our research: the NanoEHS Database 
provided by the International Council on Nanotechnology (ICON),33 the Nanoparticle Information Library 
provided by NIOSH,34 the EHS research inventory provided by PEN,35  and the Nanotechnology Risk 
Resources provided by Nanotechnology Citizen Engagement Organization (NanoCEO).36
We found the Science Direct database useful for searching within specialized journals. Of the 
databases dedicated to nanotechnology information, we found the ICON and NanoCEO databases well-
updated and very useful. The NIOSH database appears to be ill-updated. The PEN inventory lists 
research projects, but not articles, which provided a different insight but was not of great value to us. 
  
 It should be noted that, since the biological effects of traditional silver have been fairly well 
characterized, and the antibacterial effect of nanosilver is a desired one, studies on these topics were 
not reviewed in detail unless they had major implications for EHS research or mitigation strategies.  
Summaries of the research papers that we read were written. The summaries of dose-exposure 
characterization and toxicity studies, which comprise the majority of the studies we identified, are listed 
in table form in Appendix D for convenient comparison. Information on environmental transport and 
                                                          
30 The literature review uses Physical Review Letters citation style.   
31 http://wfxsearch.webfeat.org/wfsearch/menu?cid=10144 
32 http://www.sciencedirect.com/ 
33 http://icon.rice.edu/advancedsearch.cfm 
34 http://nanoparticlelibrary.net/results.asp 
35 http://www.nanotechproject.org/inventories/ehs/ 
36 http://www.nanoceo.net/nanorisks/silver-particles and http://www.nanoceo.net/nanorisks/carbon-nanotubes 
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fate for carbon nanotubes is also listed there. Summaries of various life cycle aspects of nanosilver are 
listed in Sections 4.2.3 – 4.2.7. 
The results from the literature reading were synthesized to: 
(1) Assess sufficiency and consistency of data, form conclusions if data are sufficient and consistent, 
and identify knowledge gaps if data are insufficient or inconsistent; 
(2) Provide the knowledge basis, as well as the means for determining accuracy, for the risk 
assessment; 
(3) Find strategies for risk mitigation, which are a major part of our guidelines. 
2.2 Case Studies 
  The two case studies that were conducted were aimed at complementing our literature review 
by investigating the environmental harms of nanotechnology and practical mitigation strategies in a 
current real world context.  These case studies were intended to provide insight into the operations of 
engineers working with nanotechnology that could not be obtained through studies that focused on a 
single subject.   
Apparently the most productive case studies would reflect those organizations at which our 
guidelines would be aimed, that is, companies producing quantities of nanoparticles that would have 
the potential to be environmentally relevant.  We originally intended to conduct case studies with both 
research groups at WPI and local companies involved in the commercial production of nanoparticles.  
Significant time was invested in contacting such companies; however we were only able to secure case 
studies with research groups at WPI.   
Two case studies were conducted on November 4, 2009 with WPI Professors Jianyu Liang of the 
Mechanical Engineering Department and Hong “Susan” Zhou of the Chemical Engineering Department.   
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Both case studies involved an interview with the professors themselves and the research assistants 
working in the labs.  The interviews focused on the types on nanoparticles used, their intended 
application and amounts used, and the techniques used for disposal.  Mr. Dave Messier of the WPI 
waste management team was also contacted for additional information.  These academic case studies 
allowed the problem of disposal of nanoparticles to be viewed in a holistic manner that considered the 
relationship between manufacturing methods, applications, and disposal methodology that helped to 
lay the foundation for the environmental guidelines for nanotechnology.   
2.3 Risk Assessment 
The information collected from the case studies and a review of the scientific literature were 
used to conduct a formal assessment of the environmental risks posed by nanotubes and nanosilver, 
using various models available to us.  
The risk posed by each nanoparticle was evaluated through a study of that nanoparticle’s life 
cycle in industrial and research applications. Transport and fate models were used to study the 
transmission of each of the nanoparticles through the environment, and the output of those models was 
used to evaluate the possible exposure of each of the nanoparticles to populations in the ecosystem.37 
Direct studies of ecosystem level effects were not feasible for either particle. The risk assessment 
focused on utilitarian commodity and natural service values.38
2.3.1 Carbon Nanotubes  
 
The nanotube risk assessment was purely qualitative for several reasons.  First, many of the 
applications of carbon nanotubes that would lead to large discharges into the environment are not yet 
                                                          
37 Mackay, Donald and Paterson, Sally, Ecological Risk Assessment, Pages 129-151  
38 Suter, Glenn and Barnthouse, Lawrence, Ecological Risk Assessment, Page 83 
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in commercial production, but may soon be due to the rapid decline in the cost of carbon nanotubes.39
2.3.2 Nanosilver 
  
Thus it would not make sense to produce a quantitative assessment of the risk that would either 
become outdated in the next few years by large new applications or a quantitative assessment based on 
speculation.  Second, based on the current applications, we found that the concentrations in the 
environment were so far below the predicted no effect concentration (PNEC) that it would be 
unnecessary to perform a formal quantitative assessment (Section 5.1).  Our risk assessment then 
focused on the findings of our literature review in the context of methods for qualitative environmental 
risk assessment.  Two exposure routes, ingestion and respiratory exposure, were identified, and 
information in the literature on the relationship between external and internal exposure was 
incorporated. 
To date, the risk assessment models proposed by professionals are mostly complex models. We 
learned from risk assessment professionals that the models generally need parameters whose values 
have not been determined.40  Moreover, bad production data and conflicting toxicity numbers gave the 
models a large uncertainty that cannot be soon eliminated, as “the greatest uncertainty in a risk 
assessment often comes from the source terms.”41
 
   
Figure 4. Transport and fate model for nanosilver risk assessment. 
                                                          
39 http://www.pewtrusts.org/news_room_detail.aspx?id=38330, 3 
40 We were able to learn about two such models from the personal communication with Christine Robichaud and 
Dr. Eric Money. They expressed the concern about the bad quality of current data. 
41 Suter, Glenn W. Ecological Risk Assessment. Boca Raton: Lewis, 1993. Print. 
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We believed that producing screening-level assessment results would be meaningful even if high 
accuracy could not be achieved.  Therefore, we decided to circumvent the complex undetermined 
parameters by employing a crude model in which our available data could fit.  Generally, the model 
(Figure 4) we used to conduct the assessment was derived from the life cycle stages of nanosilver in the 
environment. Concentration of silver in each stage was calculated using data retrieved from either the 
literature or people we contacted. A high emission scenario and a low emission scenario were taken into 
consideration. A safety factor of 1000 was used to compare with doses that were experimentally proved 
to pose a threat to cells or organisms.  
2.4 Guidelines  
2.4.1 Carbon Nanotubes 
One goal of this research project was to develop a set of guidelines for the environmentally 
friendly use of nanotechnology.  The development of the guidelines drew upon the results of our 
literature review, case studies, and environmental risk assessment.  The guidelines that we produced 
addressed environmental strategies from manufacturers of consumer products using nanotubes, 
mitigation strategies for dealing with potentially contaminated sites, and guidelines for additional 
research to enhance the understanding of the potential environmental impacts of carbon nanotubes.   
The first section of our guidelines provided a method that could be used for treating known or 
potential contaminated sites.   
The second and largest set of guidelines laid down suggestions for environmentally significant 
future directions for research.  These guidelines discussed useful experiments that should be conducted 
as well as important directions and strategies for future research.   
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Third, we presented guidelines for the design and manufacturing of devices containing carbon 
nanotubes focusing on alternatives to specific factors that unnecessarily increased toxicity and 
environmental transport.  The effects of carbon nanotubes produced using chemical vapor deposition 
and arc discharge with varying catalysts were compared. The role of size and agglomeration in the 
possible environmental harm posed by nanotubes was also discussed.   
2.4.2 Nanosilver 
Given the foundation we laid in previous work dealing with literature reading, case studies and 
risk assessments, we were able to make guidelines for companies, government agencies, and the public 
on the use of nanosilver. 
First, when we reviewed the literature, special attention was paid to papers focused on possible 
mitigation methods. These methods could serve to minimize nanosilver risk at different stages of 
nanosilver’s life cycle. In the manufacturing process, there were ways that could help stabilize the 
nanoparticles in consumer products. Advice on how these nanoproducts might have been produced was 
given.  Literature articles that discussed the fate and transport of nanosilver in the environment were 
converted into bioavailability reduction solutions.  
Second, we made suggestions for prioritizing research. Areas of possible interest to scientists 
were summarized. Ways we took in making this list arose from what we read in the literature and what 
we felt might contribute to improve monitoring of nanosilver. What we arranged in the literature review 
was a collection of current research topics on nanosilver, and we hope to generate interest by providing 
interesting and conflicting data among different publications. 
Last, we made recommendations for companies and government agencies. For example, better 
regulations and laws could be made if given more accurate production data and sufficient scientific 
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observations. Requests for better production and emission data were given to the companies and the 
government. We also explored the possibility of labeling nanosilver products in an effort to raise 
consumer awareness. There is a fierce debate on whether consumers should be aware of nanoparticles 
in consumer products and how these nanoproducts should be labeled in the market. Difficulties in 
labeling the nanoproducts are presented in the guidelines. 
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 We conducted two case studies at Worcester Polytechnic Institute on November 4, 2009. 
Questions about the environmental risks of using nanomaterials were generated first. We then 
interviewed the research staff and visited the laboratories. The detailed interview documentation and 
photographs taken from the lab are listed in Appendix C.   
3.1 Professor Hong “Susan” Zhou 
Professor Zhou’s lab worked with gold nanoparticles, iron oxide nanoparticles, and carbon 
nanotubes (CNTs). The CNTs analyzed in her lab were either bamboo-like CNTs42
CNTs were disposed of by pouring functionalized CNTs into the sink. The process (Figure 5), 
which made CNTs soluble in water, involved hydrochloric and sulfuric acid treatment, followed by a 90℃ 
heat shock and overnight storage. The solutions were then centrifuged so that carboxyl groups were 
formed on the surface of the CNTs. The amino groups in the CNTs were reactivated by EDC
 (20 µm long with a 
diameter of 20 nm), which were obtained from another lab, or single-walled and multi-walled CNTs 
purchased from Alfa Aesar®. Different catalytic behaviors between these two types of CNTs were 
compared. Platinum and palladium particles were applied to the surface of CNTs to investigate the 
electrochemical properties.  
43 and NHS44
                                                          
42 Bamboo-like carbon nanotube is a common type of CNTs which has regularly occurring compartment-like 
graphitic structure inside the nanotube resembling the structure of the bamboo plant. 
. 
The CNTs were assumed to resist decomposition during the treatment. The life-stages of the CNTs in the 
lab were not expected to change their toxicity.  
http://arxiv.org/ftp/cond-mat/papers/0607/0607798.pdf 
43 EDC: 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide, commonly obtained as the hydrochloride, is a water 
soluble carbodiimide which is typically employed in the 4.0-6.0 pH range. 
44 NHS: N-Hydroxysuccinimide, a compound with a molecular weight of 115.09 and a melting point of 95 °C. 
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According to Professor Zhou, the lab personnel should not be subject to substantial health risk 
as the amount of CNTs used is very small (approximately 100 – 200 mg of CNTs were used each month, 
10 mg of which were disposed).  
 
Figure 5. Disposal treatment of CNTs.  
3.2 Professor Jianyu Liang 
Professor Liang’s lab mostly used multi-walled carbon nanotubes. They were 50-200 nm in 
diameter and over 100 microns long. The CNTs were synthesized in the lab using chemical vapor 
deposition and electrochemical deposition.  The lab’s goal was to make CNTs work as the electrode in a 
fuel cell in order to lower the amount of Pt and thus improve the efficiency of the fuel cell. About <5mg 
CNTs were used in the lab every month. The research assistants did not believe that there was exposure 
problem because of the small amount of CNTs used. 
The manufacturing process is described as follows:  
(1) Pure aluminum was anodized into aluminum oxide, which acted as the template for CNTs.  
Dispose into sink
Use: 100 – 200 mg per month Disposal: 10 mg per month
Reactivate amino group
EDC and NHS react with hydroxyl group to form amino group
Grow hydroxyl groups on the surface
HCl and H2SO4
Heat to 90 °C, store 
overnight Centrifuge
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(2) A furnace was used to remove extra carbon from the surface of the template. 
(3) CNTs were then embedded onto the surface of the template using a tube furnace.45
Sometimes the lab used cobalt as the catalyst to grow CNTs because it was faster for the carbon 
to crystallize to CNTs. The amount of cobalt deposition was controlled to avoid toxicity. For the lab’s 
current project, no catalysts were used because the CNTs formed easily as long as proper conditions 
were set (temperature, reaction time, annealing, etc.). 
  
CNTs were usually sealed in the pores of substrates as templates (Figure 6) and only “freed,” or 
removed from the template, depending on the need of research (e.g. TEM46
    
). Most of the CNTs were 
stored in templates as samples for research purposes. When the experiment had been done, CNTs were 
disposed of according to their substrates.  Substrates used in this lab were either polystyrene or 
aluminum oxide.  
Figure 6.  (A) Photograph of Al2O3 templates with CNTs. (B) TEM of templates with nanoholes that are used to grow CNTs. 
The research assistants were responsible for disposal (Figure 7). CNTs with different templates 
had different disposal methods. For polymer nanotubes, more specifically polystyrene nanotubes, about 
                                                          
45 Tube furnace is an electric heating device used to conduct synthesis and purifications of inorganic compounds.  
46 TEM: Transmission electron microscopy 
A B 
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20 ml were used each month. These nanotubes were disposed in the toluene bottle, and were collected 
and delivered to the waste management team at WPI (Section 3.3). CNTs with the other template, 
aluminum oxide, were treated with NaOH. Only aluminum oxide would dissolve in NaOH, while the CNTs 
would not dissolve. These NaOH bottles were also collected when filled and then went to the waste 
management team (Section 3.3). 
 
Figure 7. Disposal treatment for CNTs. 
3.3 Mr. David Messier 
We contacted Mr. David Messier from the waste management team for further information. 
According to Mr. Messier, the waste collected from Professor Liang’s lab was generally classified as 
flammable solvent waste. The waste management team had no other knowledge of hazardous liquid 
waste generated in Professor Zhou’s lab. The waste was ultimately incinerated off-site by Triumvirate 
Environmental Inc., an environmental services firm.  
 
Incinerate
Use: <5 mg per month Disposal: stacked together 
Waste Management Team
Pretreatment
Polymer CNTs – toluene CNTs on Al2O3 template - NaOH
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3.4 Discussion 
It was claimed by both research labs that only a small amount of CNTs was used and that the 
risks those CNTs posed were not a problem to the environment. For Prof. Zhou’s lab, approximate 100 – 
200 mg of CNTs was used each month, of which 10 mg were disposed of. The disposal was estimated to 
be smaller than 5 mg per month for Prof. Liang’s lab.  
In Prof. Zhou’s lab, CNTs were simply treated with chemicals to make them disposable into the 
sink. This certainly did not seem appropriate given the possibility of toxicity suggested by a number of 
studies. On the contrary, the treatment of CNTs in Prof. Liang’s lab was done in a more professional way. 
They generally stacked those templates with CNTs together. When CNTs were freed from the templates, 
they were disposed of into waste bottles which eventually went to the waste management team. 
In addition, there were not accurate records of carbon nanotubes disposal amounts in both labs.    
Apparently, the data we collected from these two labs was just an estimated range. Although this was 
understandable, as the amounts used were small and recording would be difficult, this clearly indicates 
that there were no regulations from the government requiring research labs to record their usage of 
carbon nanotubes. 47
  
 
                                                          
47 Although disposal is more related to environmental risks than usage, we point out the lack of usage recording 
regulations as a potential problem because usage is much easier to keep track of and is a good indicator of disposal 
at small amounts. 
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This chapter summarizes the available information in the scientific literature related to the 
environmental risks of carbon nanotubes and nanosilver. It serves as the foundation of all following 
chapters. Research interest in this field is fairly new, and therefore information is generally scarce and 
inconclusive. In the following sections, we will present important discoveries and general trends in this 
review, while knowledge gaps and inconsistencies will be pointed out where appropriate. 
In recent years, researchers have devoted much effort to studying the toxicity of the two 
nanoparticles (Figure 8), either to cells out of body (“in vitro”) or to the whole animal (“in vivo”).  We will 
discuss those findings in great detail.  Other related directions, such as environmental interactions, 
waste treatment methods, release reduction methods, and environmental detection tools, also 
produced a fair number of results, which will be summarized. We will also discuss production methods 
as they are related to the characterizations of nanoparticles, such as shape, size, surface properties, and 
catalyst residues, which in turn affect toxicity. 
 
Figure 8. Number of citations in Google Scholar that discuss toxicity. 
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4.1 Carbon Nanotubes48
Interest among the scientific community in the toxic effects of carbon nanotubes has increased 
rapidly over the past few years.  Over half of the toxicity papers on carbon nanotubes that are listed on 
the ISI Web of Knowledge were published in 2008 or 2009 (Table 1).   
 
Table 1. Carbon nanotube literature search results from Google Scholar and ISI Web of Knowledge (Date: 02/27/2010).  
Keyword 
Google Scholar ISI Web of Knowledge 
Total 
Since 
2009 
Since 
2008 
Total 
Since 
2009 
Since 
2008 
(carbon nanotube OR CNT) 177,000 12,900 20,800 22,070 4,757 8,556 
(carbon nanotube OR CNT) AND toxicity 9,610 1920 3290 210 71 131 
(carbon nanotube OR CNT) AND asbestos 1,440 217 362 23 9 17 
(carbon nanotube OR CNT) AND environment 38,900 5,500 11,000 389 98 182 
(carbon nanotube OR CNT) AND health 11,100 1710 3160 93 35 57 
(carbon nanotube OR CNT) AND safety 7,310 1,170 2,070 45 16 31 
(carbon nanotube OR CNT) AND risk 6,100 911 1700 49 17 25 
 
The carbon nanotube literature review drew on the findings of over 40 peer-reviewed scientific 
papers.  The majority of these papers focused on experiments assessing toxicity using in vivo or in vitro 
assays [10].  Only a few papers were found on environmental fate and transport.  The mechanisms and 
magnitude of toxicity were summarized and reviewed.  Conflicts in the literature were identified and 
discussed where they arose.  The physical and chemical determinants of toxicity were summarized and 
reviewed in an effort to understand the role that the physical dimensions of the carbon nanotubes and 
the metal catalysts in their samples play in determining their toxicity.   
 
                                                          
48 In this section, the abbreviations CNT (carbon nanotube), SWCNT (single-walled carbon nanotube), and MWCNT 
(multi-walled carbon nanotube) are frequently used. SWNT (single-walled nanotube) and MWNT (multi-walled 
nanotube) are occasionally used in the scientific literature and may appear in some figures. 
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4.1.1 Summary and Breakdown of Research and Reviews   
More than fifteen studies of in vivo toxicity were reviewed along with four studies of 
environmental fate and transport [11-14] (see Appendix D chart).  Thirteen studies on respiratory 
toxicity were reviewed [1-5, 15-22].  A. Kahru et al. [23] stated that the majority of in vivo studies 
conducted on nanotubes were not focused on environmentally relevant species. For single-walled 
carbon nanotubes, a literature review [23] drawing upon seven studies was found that focused on 
environmentally relevant ciliates, bacteria, algae, and fish.  Only two studies of environmentally relevant 
species were found for multi-walled carbon nanotubes, one on crustaceans, and one on a bacterium 
[23].  These papers reported LC50 (50% lethality concentration) values.   
Papers in the literature review used mice or rats and intratracheal instillation49 as an exposure 
route.  One study [24] used intravenous injection50 and another study [5] used pharyngeal aspiration.51
Four studies on the environmental fate, transport, and interaction of nanotubes were studied 
[11-14].  We found that the studies that focused purely on the environment were very limited and 
dwarfed by the number of toxicity papers. 
   
The respiratory studies on rats and mice reviewed by the team were by no means exhaustive (see Table 
1); several similar studies were not reviewed due to time constraints.   
Eighteen in vitro studies were reviewed [5, 25-42].  The majority (twelve) of the papers studied 
and discussed the cytotoxicity of carbon nanotubes. Eight of these studies [26, 28, 34, 38-42] indicated 
that carbon nanotubes are toxic, while four of them [25, 30, 32, 43] believed that there is insufficient 
evidence to show that carbon nanotubes are toxic, or the toxic level is very low. Six papers [28, 35, 37, 
                                                          
49 Direct instillation of material into animal’s lungs to insure a controlled dose. 
50 Injection made into a vein. 
51 A method for exposing the mouse lung to soluble antigens by pipetting them onto the pharyngeal region of the 
tongue. 
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39, 40, 42] discussed the possible mechanisms of carbon nanotube toxicity, which will be briefly 
presented.   
4.1.2 Mechanisms for Direct and Indirect Toxicity 
Several mechanisms were identified to account for the toxicity of carbon nanotubes.  The first 
indirect mechanism of nanotube toxicity was depletion of micronutrient content from the cell culture at 
concentrations as low as 0.01 mg/ml [44].  Herzog et al. [31] used a clonogenic assay. A cell culture was 
treated with nanotubes, and after 7-10 days the growth in the size and surface area of the colonies in 
the cell culture was measured.  The nanotubes reduced the surface area of the cell colonies more than 
they reduced the number of colonies.  Cells react to a nutritionally deficient environment by reducing 
their rate of proliferation.  From this result, the authors came to the conclusion that the observed 
toxicity could be largely explained by depletion of micronutrients in the cell culture.   
 
Figure 9. Colonies of A549 cells after 10 days incubation with (a) DMEM cell culture medium only and (b) 400 μg/ml HiPco® 
SWCNT dispersed in DMEM cell culture medium [31]. 
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Another indirect mechanism for toxicity that has been suggested is bioaccumulation, which 
occurs when a chemical enters an organism at a greater rate than it is lost.  If a chemical 
bioaccumulates, than it may eventually reach toxic levels, especially in higher level predators, even if its 
concentration in the environment is significantly below harmful levels.  Peterson et al. [45] conducted a 
study to evaluate the bioaccumulation hazard posed by carbon nanotubes using the Lumbriculus 
Variegatus worm, which the EPA recommended in 2000 as the freshwater organism of choice for 
bioaccumulation studies.  Using both SWCNT and MWCNT, the researchers found that the Lumbriculus 
Variegatus worm did not accumulate nanotubes into their body tissue, and the only nanotubes in their 
bodies were in their residual gut sediments.  While this result did not suggest that nanotubes posed a 
direct bioaccumulation threat, the authors suggested the possibility that nanotubes enhance the 
bioaccumulation of metal catalysts.   
One possible direct mechanism for toxicity is oxidative stress to cell membranes.  This 
mechanism has been linked to the inflammatory and fibrotic response to carbon nanotubes found in the 
lungs of mice and rats.  In 2006 an experiment was conducted that found that MWCNT scavenged free 
particles and did not significantly generate their own free radicals.  It has been suggested that the 
antioxidant surfactant tocopheryl polyethylene glycol succinate (TPGS) could be used to disperse carbon 
nanotubes while preventing oxidative damage to cell membranes.  TPGS is both healthy and 
commercially available, and an experiment has shown that TPGS can disperse nanotubes at 
concentrations of 15 µm/ml [46].   
Toxicity may also be due in part to the metal catalysts present in the nanotube samples.  The 
bioavailability of nickel and iron in nanotubes samples is disputed by chemists.  Some scientists argue 
that the observed oxidation can only occur if iron is bioavailable while others argue that the iron is fully 
encapsulated by the nanotubes.  Guo et al. [47] proposed that manufacturing defects in the nanotubes 
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are able to explain both the observation that oxidation effects occur and that most of the iron is 
enclosed.  Carbon nanotubes are also manufactured using nickel catalysts.  It was found that nickel is 
bioavailable in toxicologically significant concentrations, even in purified samples.  Liu et al. [37] showed 
that nickel is not completely enclosed in carbon, and may be released due to defects in the carbon 
nanotubes that cannot be easily seen from TEM.   
Kang et al. [39]  suggested that one main cytotoxicity mechanism for carbon nanotubes was cell 
membrane damage by direct contact with carbon nanotubes . The author verified the cellular 
membrane damage by measuring the intracellular materials, plasmid DNA and RNA, in the solution of E. 
coli cells exposed to carbon nanotubes (Figure 10). The concentration of plasmid DNA and RNA in the 
cells exposed to SWCNT is significantly higher than those of the MWCNT and the control group (E. coli 
cells without expose to carbon nanotubes).  
 
Figure 10. Concentration of plasmid DNA and RNA in solution in the presence and absence of CNTs [39]. 
Simon-Deckers et al. [35] also observed that the toxicity of carbon nanotubes might be caused 
by the interaction between nanotubes and bacteria. The TEM result showed significant evidence that 
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there was association between nanotubes and bacteria when E. coli was exposed for 24h to multi-
walled carbon nanotubes (Figure 11).   
 
Figure 11. Nanotube association with bacteria. C. metallidurans CH34 (A, C, D) or E. coli MG 1655(B) were exposed for 24h to 
10 mg/l of MWCNT in ultrapure water, and then directly observed by TEM [40].   
Though several studies examined the mechanism of how carbon nanotubes affect the cell, we 
could not draw very clear conclusions from them. To better understand the mechanisms, more studies 
with standardized model and good comparability are needed in this area.  
4.1.3 Studies of the Magnitude of Toxicity 
Several studies assessed the magnitude of the toxicity of carbon nanotubes in vivo.  A summary 
of studies done on environmentally relevant aquatic species found the LC50 values is given in Table 2.     
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Table 2. LC50s for SWCNT and MWCNT in vivo for environmentally relevant aquatic species [23]. 
 
Crustaceans Bacteria Algae Fish Ciliates Nematodes Yeasts Number of Studies 
SWCNT 15 163 1.04 NF 6.8 NF NF 7 
MWCNT 8.7 500 NF NF NF NF NF 2 
 
All values are LC50 in mg/l.  
NF = not found in the research literature as of fall 2009. 
 
Hurt and Kane [44] found that folic acid depletion from cell culture occurred at 0.01 mg/ml.  
Templeton et al. [48] reported that at concentrations above 1 mg/l, Copepods showed greatly 
decreased development.  A study where intratracheal installation was used to expose rats found that 
there were small amounts of inflammation for concentrations from 1-3 mg/kg and significant severe 
inflammation from 4-7 mg/kg [1].   
Among the four papers which believed that carbon nanotubes are toxic, all of them reported 
signs of increasing apoptotic and necrotic cells after exposition, or cell growth reduction, but were not 
cytotoxic. Herzog et al.[31] suggested that the cause of these was because nanotubes may reduce cell 
growth by taking away surrounding nutrients, rather than damaging the cells directly. De Nicola et al. 
[43] conducted an experiment which showed that carbon nanotubes did not affect lymphocyte 
functionality.   
4.1.4 Effect of Catalysts on Toxicity 
There are several methods for manufacturing nanotubes that use different metals as catalysts.  
There are also purification techniques that are able to reduce the amount of catalyst in the sample.  
Understanding the relationship between the concentration and type of catalyst in manufactured carbon 
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nanotubes is essential to assessing the risk of carbon nanotubes and developing effective mitigation 
strategies.  There are three primary methods used today for commercially manufacturing carbon 
nanotubes:52
(1) The arc discharge method works by vaporizing carbon by sending huge amounts of electricity 
(100 amps) through a graphite sheet.  This technique has 30% yield and can produce nanotubes 
that are both single-walled and multi-walled with few defects.  The carbon nanotubes that are 
produced are often shorter than 50 µm and have random sizes and orientation.    
  
(2) Chemical vapor deposition involves heating methane to over 600 °C.  This frees carbon atoms 
which form nanotubes when they connect with a porous catalyst on the substrate.  The yield is 
20% to 100%, and can be scaled up to industrial production, but unfortunately it is unreliable 
and produces multi-walled nanotubes with defects.   Nickel, cobalt, and iron are commonly used 
as catalysts.   
(3) The laser ablation method works by firing a laser at a graphite rod.  The yield is up to 70% and it 
produces mostly single-walled nanotubes, and their radius can be controlled by changing the 
temperature.  Unfortunately this method is very expensive because of the expensive lasers that 
it requires.    
Fenoglio et al. [14] suggested that the generation of MWCNT was caused by scavenging activity 
between the bioavailable iron catalysts in the sample and hydrogen peroxide, as is shown in the reaction 
below:   
H2O2 +  Fe2+ →  HO + OH− +  Fe3+.    (1) 
                                                          
52 Philip Collins and Phaedon Avouris, Scientific American’s Understanding Nanotechnology: Nanotubes for 
Electronics.   
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Catalysts in carbon nanotubes contribute to oxidative stress by lipid peroxidation as well as by 
indirect bioaccumulation.  It has been pointed out that carbon nanotubes may enhance the transport of 
heavy metals and contribute to bioaccumulation in an indirect manner.  The other mechanism for 
toxicity that has been assessed, micronutrient depletion, is not connected to the type of catalyst used.  
However, a correlation may exist due to the differences in size and agglomeration that result from 
different manufacturing techniques and purification methods that also change the bioavailability of 
catalysts.   
Liu et al. [37] studied the effect of metal catalysts using single-walled carbon nanotubes, which 
was produced by employing nickel in arc discharge.  In the experiment, human lung epithelial H460 cells 
were exposed to single-walled carbon nanotubes for 24 hours. The carbon nanotubes were produced 
using arc discharge with a nickel catalyst. The result showed that nickel is bioavailable in toxicologically 
significant concentrations, even in purified samples. As an explanation, the author suggested that nickel 
was not completely enclosed, and may be released due to defects in the carbon nanotubes.  
 
Figure 12. Pathways and mechanisms for Ni release, uptake, and epigenetic modification of lung epithelial cells exposed to 
carbon nanotubes [37].  
   In comparison, Simon-Deckers et al. [35] evaluated multi-walled carbon nanotubes’ toxicological 
effects on bacteria.  Two types of bacteria, Cupriavidus metallidurans CH34 and Escherichia coli MG1655, 
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were exposed under raw (CNTFe) and purified MWCNTs. The CNTs were prepared by chemical vapor 
deposition using Fe as catalyst and heat purified to reduce the 4.24 wt.% Fe of raw MWCNTs to 0.08 wt.% in 
annealed nanotubes. Both experiments induced a 50 – 60% loss of viability after exposing for 24h at 100 
mg/L. The effect of nanotubes on bacterial viability indicated that the toxicity did not dependent on the 
purity of CNTs. The author suggested that the absence of impact of metal impurities was probably because 
the location of catalyst was inside the tubes. Therefore there was no direct interaction between the catalyst 
and the bacteria. 
Kang et al. [40] also considered that catalytic metal did not correlate to cytotoxicity.  From Table 3, 
AT-MWCNTs, with a lower catalyst contents (shown in column RM), exhibited higher toxicity than DO-
MWCNT and AP-MWCNTs. AN-MWCNTs, whose catalytic metal contents of were nearly zero, also exhibited 
higher toxicity than DO-MWCNTs that contain moderate levels of Fe.53
Table 3. Physicochemical properties and bacterial toxicity of MWCNT samples [40].   
 Therefore, the author suggested that 
the catalyst had no direct effect to the cytotoxicity of carbon nanotubes.  
 Physical properties  Chemical properties  E. coli toxicity 
 
Diameter 
(nm) 
length 
(μm) 
aspect 
ratio 
 RM (%) G/D  % Inactivated cells 
AP-MWCNT 17±9 91±21 5300  6.7 1.47  13.6±3.1 
DO-MWCNT 20±8 84±18 4200  4.6 1.95  10.4±2.4 
AT-MWCNT 17±6 77±31 4500  2.1 2.47  32.7±4.2 
f-MWCNT 19±7 4.1±3.7 220  3.7 1.11  41.6±3.7 
AN-MWCNT 21±11 82±23 3900  0.8 3.72  26.3±7.9 
s-MWCNT 35±20 2.3±0.6 66  0.7 4.15  28.7±3.8 
RM = Residual mass (%). G/D: Raman Ratio of Raman G-band to D-band peak height at λlaser = 523 nm.
 54
                                                          
53 AP-MWCNT – As prepared MWCNT from NanoTechLabs Inc. (Yadkinville, NC ). 
 
DO-MWCNT – Dry-oxidized AP-MWCNT. 
AT-MWCNT- Acid treated DO-MWCNT. 
f-MWCNT – Functionalized AT-MWCNT.  
AN-MWCNTs – Annealed AP-MWCNT. 
s-MWCNTs – annealed as-prepared short MWCNTs provided by CEA-CNRS (Gif sur Yvette, France). 
The production methods are given in Figure 14. 
54 The ratio of G-band (1579 cm-1) to D-band (1349 cm-1) peaks in the Raman spectra of MWCNTs provided a 
qualitative indicator for comparing the structural imperfections and the content of inert matter in the nanotubes 
sample. 
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4.1.5 Effect of Physical and Chemical Properties on Toxicity 
Carbon nanotubes should not be treated as a uniform group because of the differences in 
surface area, shape, oxidant generation, surface charge, solubility, surface functionalizion, and chemical 
composition.55
Jia et al. [26] studied the cytotoxicity of carbon nanomaterials among single-walled carbon 
nanotubes, multi-walled carbon nanotubes, and fullerenes. Quartz was used as control because it was 
considered to be a serious occupational health hazard in chronic inhalation exposure. The experiment 
used alveolar macrophages as their target cell line. The authors conducted an assay on the inhibition of 
the mitochondrial dehydrogenase activity (a well-known method commonly used for cytotoxicity 
studies), phagocytic response to latex beads, and electron transmission microscopic analysis to indicate 
the function and visual observation of alveolar macrophage.  Signs of apoptotic cell death existed and 
the cytotoxicity among the four tested nanomaterials is: SWCNT > MWCNT > quartz > C60 (Figure 13).  
The author also suggested that carbon nanomaterials with different geometric structures exhibit quite 
different cytotoxicy and bioactivity in vitro. 
  Kang et al. [40] underscored the need for careful documentation of physical and chemical 
characteristics when reporting the toxicity of carbon-based nanomaterials.  Four articles discussing the 
effects of physical and chemical properties on toxicity of carbon nanotubes are summarized. 
                                                          
55 Approaches to Safe Nanotechonology, http://www.cdc.gov/niosh/docs/2009-125/pdfs/2009-125.pdf 
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Figure 13. Comparison with cytotoxicity to AM among SWCNTs, MWCNTs and C60 at different dosage [26].   
Kang et al. [39] compared the toxicity of multi-walled carbon nanotubes before and after 
physicochemical modification via common purification, functionaliztion,56 and annealing57
 
 routes. To 
reduce the variability in sample purity, MWCNTs were derived from the same initial MWCNT stock and 
prepared (Figure 14).      
 
 
                                                          
56 Functionalizion with strong oxidizing agents improves dispersivity in aqueous solutions and enhances 
compatibility with composite matrix materials. 
57 Annealing reduces structural defects and removes catalytic metals used in synthesis. 
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Escherichia coli K12 was selected as the model organism for cytotoxicity experiments and the 
results showed a correlation between bacterial cytotoxicity and physicochemical properties. Physical 
and chemical properties of MWCNTs were altered after common purification and functionalization 
procedures, and affected directly cytotoxicity to bacteria.  
 Physical and chemical origins of MWCNT cytotoxicity were characterized by using quantitative 
indicators of bacterial toxicity. The author proposed several possible links between MWCNTs and 
bacterial cytotoxicity (Table 4), and suggested that the cytotoxic effects depended on a number of 
factors rather than a single mechanism. The author concluded that biotoxicity increased in MWCNTs 
that were uncapped, short, functionalized, and that formed disperse suspension in aqueous solution.  
 
 
  
AP-MWCNTs
•As prepared 
MWCNTs 
were 
purchased 
DO-MWCNTs
•Dry oxidized 
in air at 350°C 
for 6 h 
AT-MWCNTs
•Acid 
treatment
•HCl reflux at 
70°C for 18 h
f-MWCNTs
•Functionized
•sonication in 
H2SO4 /HNO3
AP-MWCNTs AN-MWCNTs
•2000 °C for 12h 
in argon
AP-s-MWCNTs s-MWCNTs
•Annealing
•2000 °C for 12h 
in argon
Figure 14. Preparation of MWCNT. 
Page 53 of 171 
Chapter 4    Literature Review 
 
Table 4. Qualitative comparison of bacterial toxicity with various physical and chemical properties of MWCNTs [40].   
Toxicity 
Classification 
Low-range Mid-range Upper-range 
Amorphous 
Carbon Present       
Uncapped       
Debundled       
Short Length       
Dispersed in 
Solution       
 DO-MWCNT AP-MWCNT AN-MWCNT AT-MWCNT s-MWCNT f-MWCNT 
 
Wick et al. [41] studied the effects of degree and kind of agglomeration on carbon nanotubes’ 
cytotoxicity. They exposed a human mesothelioma cell line to arc-dischaged single-walled carbon 
nanotubes of different agglomerations, including single-walled carbon nanotube bundles of 10 – 20 
single tubes and rope-like agglomerates of micron size, for three days. The authors tested the cell 
activity and cell proliferation and showed that single-walled carbon nanotube bundles were less 
cytotoxic than micron sized agglomerates. Thus the degree and kind of agglomeration also affect the 
cytotoxicity of carbon nanotubes.  Raja et al. [36] also explored the impact of aggregation of carbon 
nanotubes on smooth muscle cells.   
4.1.6 Respiratory Toxicity: Is the Risk Similar to Asbestos?   
Asbestos (Figure 15, right) is a group of thin, fibrous silicate mineral crystals which cause 
scarring of the lung tissue, lung cancer, and mesothelioma – the cancer of the epithelial cells in the 
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lung.58 Although asbestos has been banned in the United States since 1989, the World Health 
Organization reports that the burden of asbestos on healthcare will continue to increase into the future, 
due to the latency of the development of lung cancer and mesothelioma after exposure.  The World 
Health Organization also estimates that at least 90,000 people in the world die each year from lung 
cancer caused by absbestos exposure.59
Physical similarities between carbon nanotubes and asbestos [19]  has generated interest in the 
possibility of nanotubes causing respiratory toxicity similar to that caused by asbestos.  Loomis et al. [49] 
found that the length to diameter ratio of asbestos fibers is positively correlated with toxicity, and that 
fibers with diameter <0.25 μm and length 20-40 μm exhibit the strongest toxicity.  This suggests the 
possibility that carbon nanotubes, with their great length to diameter ratios, exhibit such respiratory 
toxicity.   
   
 
Figure 15. Carbon nanotubes60 (left) and chrysotile 'A' standard asbestos61
The relationship between the length to diameter ratio of carbon nanotubes and their toxicity is 
somewhat complex.  Using intratracheal instillation, the effect of grinding carbon nanotubes to reduce 
 (right) both exhibit large length to diameter ratios.     
                                                          
58 USA. Environmental Protection Agency. Basic Information: Asbestos Health Effects. Web. 
<http://www.epa.gov/asbestos/pubs/help.html#health>. 
59 United Nations. World Health Organization. Elimination of asbestos-related diseases. Web. 
<http://whqlibdoc.who.int/hq/2006/WHO_SDE_OEH_06.03_eng.pdf>. 
60 "Important Twist in Supercapacitor Research." PhysOrg.com. Web. 02 Mar. 2010. 
<http://www.physorg.com/news141048611.html>. 
61 USA. US Geological Survey. Images of Fibrous and Asbestiform Minerals. Web. 
<http://usgsprobe.cr.usgs.gov/picts2.html>. 
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their length has been studied.    In that study, the multi-walled carbon nanotubes had lengths of roughly 
5.9 µm and the ground multi-walled carbon nanotubes had lengths around 0.7 µm.  Both were 
administered to rats at doses of 2 mg.  Muller et al. [18] found that the ground CNT cleared the lungs 
more quickly than the intact CNT (Figure 16), but that both remained in the lung in significant quantities 
sixty days after instillation.  This suggested that even if carbon nanotubes with greater length to 
diameter ratios exhibit greater toxicity, as asbestos fibers do, shorter carbon nanotubes may exhibit 
unique toxicity due to greater dispersion in the smaller airways of the lungs.  Qu et al. [20] has shown, 
however, that greater agglomeration and lower dispersion causes less inflammation and leads to faster 
elimination from the body.   
 
Figure 16. Rat Lungs exposed to 5 mg of MWCNT (left) and ground MWCNT (right) [18].  
The effect of the length of multi-walled carbon nanotube fibers on inflammation and 
development of granulomas has been studied.   In a study using intraperitoneal injection of 50 µg of 15 
µm long multi-walled carbon nanotubes and 20-100 µm long multi-walled carbon nanotubes, Poland et 
al. [4] showed that the longer CNT had a significantly greater granuloma response and inflammatory 
response.   
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Rotoli et al. [21] used an in vitro study on epithelial lung cells to show that long carbon 
nanotubes impair the barrier function of epithelial cells and increased paracellular permeability.  Both 9 
µm long multi-walled carbon nanotubes and 100 µm long single-walled carbon nanotubes had these 
effects, while carbon 2 µm long, short multi-walled carbon nanotubes and short single-walled carbon 
nanotubes had no significant effects on barrier dysfunction.  The author noted that experiments have 
shown that asbestos also raises paracellular permeability and impairs the barrier function of epithelial 
cells.   
Shvedova et al. [5] conducted a study in which mice were given 0-40 µg of SWCNTs and killed 1-
60 days following exposure to assess pulmonary function and inflammation.  In that study the SWCNTs 
were produced using the technique developed by HiPco®.  The SWCNT sample was 99.7% carbon and 
0.23% Iron by weight.  TEM showed that the SWCNTs did not agglomerate.  The SWCNTs were 
administered using pharyngeal aspiration.  Whole body plethysmography was used to evaluate 
breathing capacity (the plethysmograph measures the volume of the lungs).    Mice that were exposed 
to more SWCNTs showed greater thickness in the aveolar connective tissue, indicating an inflammatory 
response.  Exposure to SWCNTs also showed increased accumulation of 4-HNE, a biomarker of oxidative 
stress.  The SWCNTs caused an acute inflammatory response marked by increased levels of 
inflammatory cells, inflammatory cytokines, and protein.  This inflammatory response is considered to 
be a precursor of fibrosis, or the scarring of the lungs, which is one of the major mechanisms of the 
respiratory toxicity of asbestos [18].    
Foreign body reactions such as multi-focal granulomas and inflammation of the lung tissue have 
been observed by Liu et al. [1] at concentrations as low as 1 mg/kg.  This same experiment showed that 
MWCNT can remain in the lungs of rats for three months after intratracheal instillation.   
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A three month inhalation study by Ma-Hock et al. [2] used concentrations from 0.5-5 mg of 
multi-walled carbon nanotubes per animal and showed macrophages containing parts of the carbon 
nanotube sample and inflammation (Figure 17).  No fibrosis was observed in that study.   
 
Figure 17. Lung tissue in control (left) and exposed to 0.0025 mg/ml of multi-walled carbon nanotubes (right).  In the tissue 
exposed to carbon nanotubes, multi-focal granulomas can be seen with macrophages containing some of the carbon 
nanotube sample [2].   
Kane and Hurt [17] have suggested that there are reasons to believe that it is too early to 
conclude that carbon nanotubes pose the same respiratory health risk as asbestos.  The agglomeration 
and structure of nanotubes encountered in the real world may not reflect the carefully prepared 
samples used in experiments and there is little evidence regarding the ability of nanotubes to stay in the 
lungs for extended periods of time.  Moreover, the studies done on respiratory toxicity use 
unfunctionalized, almost always multi-walled carbon nanotubes that may not reflect the toxicity of 
functionalized nanotubes used in some applications.   
4.1.7 Environmental Fate and Transport 
This section of the literature review drew upon three studies on environmental fate and 
transport and one study on the chemical interaction of nanotubes with their surroundings [11-14].  
Although limited, the environmental research that the team read was very useful to developing a risk 
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assessment of carbon nanotubes.  Panessa-Warren et al. [11] conducted a 2.5-7 year study of nanotubes 
exposure to aqueous matter and found that the nanotubes were significantly less toxic after seven years 
of incubation in water with natural organic matter.  The nanotubes possibly agglomerated during the 
experiment and the reactive surface area might have decreased.   
In a paper on the stabilization of nanotubes produced using chemical vapor deposition by 
natural organic matter, Hyung et al. [12] tested nanotubes at concentrations from 0.6 to 6.9 mg/l.  
MWCNT settled much more quickly in water without natural organic matter [natural organic matter].  
Ferguson et al. [13] conducted a study on environmental fate and transport focused on the chemical and 
biological behavior of carbon nanotubes in estuarine sedimentary systems.  Nanotubes had a greater 
tendency to aggregate in water with higher ionic strength.  Unpurified nanotubes had much greater 
effects on copepods [13, 50].   
 
Figure 18. Percentage of copepods that successfully developed from the nauplius stage to the adult stage.  The black bar 
represents AP-SWCNT, the hatched bars represent purified SWCNTs, and the white bars represent fluorescent nanocarbon 
byproducts [13].   
This study suggested that nanotube concentrations of 10 mg/l significantly impaired the 
development of copepods.  This is fairly consistent with an earlier paper that showed a 15 mg/l lethal 
concentration for crustaceans exposed to SWCNTs [23].   
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4.2 Nanosilver 
The interest among the scientific community in nanosilver environmental health and safety 
research is fairly recent. In Table 5 we list literature search results from Google Scholar and ISI Web of 
Knowledge. Roughly half of all the related publications were produced in the past two years, with 2009-
2010 contributing the most. The trend is especially true with the EHS direction. It can also be seen, most 
obviously from the ISI Web of Knowledge results, that EHS research constitutes only a small portion of 
all nanosilver research. 
Table 5. Literature search results from Google Scholar and ISI Web of Knowledge (Date: 02/10/2010). 
Keyword 
Google Scholar ISI Web of Knowledge 
Total 
Since 
2009 
Since 
2008 
Total 
Since 
2009 
Since 
2008 
(nanosilver OR nano silver OR (silver AND nano) OR (silver AND nanoparticle)) 28100 5410 9860 3903 952 1671 
(nanosilver OR nano silver OR (silver AND nano) OR (silver AND nanoparticle)) 
AND toxicity 
6400 1500 2540 79 40 63 
(nanosilver OR nano silver OR (silver AND nano) OR (silver AND nanoparticle)) 
AND antibacterial 
2290 607 1010 173 80 119 
(nanosilver OR nano silver OR (silver AND nano) OR (silver AND nanoparticle)) 
AND environment 
18900 3520 6390 160 44 74 
(nanosilver OR nano silver OR (silver AND nano) OR (silver AND nanoparticle)) 
AND health 
5260 1120 1960 33 16 23 
(nanosilver OR nano silver OR (silver AND nano) OR (silver AND nanoparticle)) 
AND safety 
3570 712 1250 13 7 9 
(nanosilver OR nano silver OR (silver AND nano) OR (silver AND nanoparticle)) 
AND risk 
3100 652 1110 23 12 16 
 
Most nanosilver environmental health and safety research projects are devoted to 
characterizing the toxicity of nanosilver. We present a review on this topic in Sections 4.2.1 and 4.2.2. 
Intending to make the review concise, we only emphasize our analysis and comparison of the results 
presented in the 35 papers we read, while the detailed experimental conditions, procedures, and results 
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are deferred to Appendix D. Information on other important aspects of nanosilver safety is scarce, and 
we list summaries of the studies we read in Sections 4.2.3 to 4.2.7. As pointed out in Section 2.1, studies 
involving traditional silver or nanosilver’s antibacterial effects are only selectively reviewed, depending 
on its relevance to our central focus. 
4.2.1 In Vitro Toxicity 
Twenty-one papers are reviewed in this section. Fifteen of those papers presented original 
results on nanosilver’s toxicity to cell viability in vitro. Topics such as gene damage, apoptosis and 
necrosis, morphology change, mechanism, and bio-distribution were also covered by four to nine 
papers. The vast majority (seventeen) of the papers used animal cells, liver cells and fibroblasts being 
relatively popular. About half (ten) of the papers did comparative studies among nanosilver of different 
characterizations and other forms of silver. 
4.2.1.1 Studies on Toxicity to Cell Viability 
Most research projects on in vitro toxicity begin by studying the relationship between toxin dose 
and cell viability. Therefore, the amount of available information is comparatively the largest (although 
still small) in this direction. However, poor data agreement made no definitive conclusion possible. 
(1) Effect of Size 
All the studies in this review reported the sizes of the silver nanoparticles used; however, very 
few studies focused on the effect of size on nanosilver toxicity and the results have been inconsistent. 
Hussain et al. [51] found by both MTT62 and LDH63
                                                          
62 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; its reduction indicates mitochondrial activity. 
 leakage assays on rat liver cells that 100 nm 
nanosilver had a lower EC50 (median effective concentration) after 24 hours, and hence larger toxicity, 
63 Lactate dehydrogenase; its leakage indicates harmed cell membrane integrity 
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than 15 nm nanosilver. However, using similar cell cultures (human liver cells), similar timespan (28 
hours), and the same assays, Kim et al. [52] found 10 nm nanosilver to be more toxic than nanosilver of 
either size in the Hussain et al. [51] study. Furthermore, Yen et al. [53] found that 2-4 nm nanosilver 
decreased macrophage proliferation to a qualitatively larger extent than 5-7 nm and 20-40 nm 
nanosilver. Given the limited amount and poor quality of related information, we can make no 
conclusion about the effect of size on nanosilver toxicity. 
(2) Effect of Coating (Surface Functionalizing) 
Only one study focused on the effect of coating on nanosilver toxicity. Using mouse embryonic 
stem cells and mouse embryonic fibroblasts, Ahamed et al. [54] found that nanosilver coated with 
polysaccharide to be more toxic than uncoated particles by the MTT assay after up to 72 hours of 
exposure. Microscopy showed that the coated particles do not aggregate and can enter all organelles of 
the cell, which might be the reason for the difference in toxicity. We take the conclusion to be true, as a 
plausible explanation was given. Coated silver nanoparticles were used in quite a few other studies [55-
61], but no other information on the effect of coating alone could be drawn.  
(3) Comparison between Nanosilver and Other Silver Species 
Whether silver nanoparticles are more toxic or less toxic than “traditional” silver species, such as 
silver ions, is central to much of the debate around the regulation of nanosilver. Many studies have been 
devoted to answering this question, but results have been mixed. 
Based on their study on human liver cells, Kawata et al. [61] found 7-10 nm silver nanoparticles 
to be cytotoxic at 1-3 mg/L, while silver carbonate of the same equivalent silver concentration showed 
no such effect. However, some other studies claimed silver ions (in the form of soluble salts) to be more 
toxic. In their study of silver toxicity on human monocytic cells, Foldbjerg et al. [57] found that silver 
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nitrate increases reactive oxygen species and induces apoptosis, necrosis, and rapid overall cell death at 
lower concentrations than 69 nm PVP64
Even different assays in the same study sometimes yielded inconsistent results. Farkas et al. [60]  
studied the toxicity of nanosilver (less than 10 nm, all coated with sodium citrate, with or without 
dissolved organic matter) and silver nitrate to fish liver cells after 48 hours of exposure. The group found 
the EC50 of silver ions to be about half of that of either kind of nanosilver by the Alamar Blue
-coated nanosilver. Greulich et al. [58] found that the threshold 
toxic concentration to human mesenchymal stem cells of silver acetate was lower than that of 100 nm 
PVP-coated nanosilver. The same trend in threshold concentration was also present in inhibiting the 
chemotactic response of the cells. 
65 assay, but 
2-4 times the EC50 of nanosilver by the CFDA-AM
66
With this disagreement, we cannot make any conclusions about the relative toxicity of the two 
forms of silver. All studies, however, seem to point out that cytotoxic doses of nanosilver and silver ion 
to non-bacterial cells differ by less than one order of magnitude, all other conditions being the same. 
 assay. A similarly mixed result was reported by Kim et 
al. [52], who found silver nitrate to be more toxic by 48-hour MTT and Alamar Blue assays, but less toxic 
by the 48-hour LDH leakage assay. 
(4) Summary 
Although more than a dozen studies exist on nanosilver toxicity to cell viability in vitro, the 
consistency of results, especially among comparative studies, is questionable. Also seriously doubtable is 
the absolute toxicity of nanosilver: the reported EC50 or IC50 (median inhibition concentration) values 
range from 0.53 mg/l [52] to 449 mg/l [62] in the studies we read. In Figure 19 we simply list the results 
of all relevant studies [51-53, 57, 60-63]. A few other studies [54, 56, 58, 64, 65] are not of quantitative 
                                                          
64 Polyvinylpyrrolidone. 
65 Its reduction indicates metabolic activity 
66 5-Carboxyfluorescein diacetate acetoxymethyl ester; indirectly indicates cell membrane integrity 
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comparative value because they did not provide median concentration values. We can form no solid 
conclusions, and we recommend further research in this area.  
 
Figure 19. Reported in vitro median effective concentration (EC50) of nano and ionic silver. (log scale) 
4.2.1.2 Studies on Apoptosis (Programmed Cell Death) and Necrosis (Acute Cell Death) 
Two studies by Arora et al. [62, 66] and one study by Jain et al. [63] on uncoated spherical 
nanosilver found that apoptosis was induced by doses less than the 24-hour IC50 concentration by the 
XTT67
4.2.1.3 Studies on Cell Morphology 
 assay. Furthermore, Arora et al. [62] and Jain et al. [63] found that necrosis was induced at about 
twice the IC50. However, Foldbjerg et al. [57] found that necrosis was induced at a higher concentration 
of PVP coated 69-nm nanosilver than apoptosis. Ahamed et al. [54] found that poly-saccharide-coated 
nanosilver had a greater effect in inducing apoptosis than uncoated nanosilver. Mahmood et al. [59] 
found that combination of nanomolar level nanosilver and micromolar level apoptotic agents 
(dexamethasone and etoposide) had additive effects. 
Change in cell morphology is a common sub-lethal effect of toxins. Certain changes in 
morphology are also suggestive of apoptosis. In the few studies on this subject, changes in cell size 
(shrinking), cell shape (becoming less polyhedral, more irregular or spherical), and cell distribution 
(clustering) were attributed to exposure to nanosilver. A representative comparison, taken from the 
study of Arora et al. [66], is shown in Figure 20. The lowest reported concentration to induce change in 
morphology was 1.0 mg/L [51, 53, 56, 61, 62, 66]. 
                                                          
67 Sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate; its 
cleavage indicates metabolic activity. 
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Figure 20. Human skin cancer cells: (A) unexposed cells; (B–F) cells after 24 h exposure to 3.12, 6.25, 12.5, 25 and 
50 μg/ml 7-20 nm spherical nanosilver (magnification 200×) [66]. 
4.2.1.4 Studies on DNA Damage and Cell Cycle Impairment 
Significant increase in DNA damage has been associated with nanosilver exposure. The damage 
was signaled by DNA fragmentation or breakage, increase in DNA-repairing proteins, or increase in 
micronucleus formation. Some of the studies [52, 54, 56, 57, 61, 66] reported a dose dependence of 
such damage. 
Cell cycle impairment by nanosilver was studied by a few research groups. AshaRani et al. [56] 
found a dose-dependent cell cycle arrest at the G2/M phase.
68
                                                          
68 M phase, or mitosis, is the process by which a eukaryotic cell separates the chromosomes in its cell nucleus into 
two identical sets in two nuclei. G2 phase, or gap 2, is the phase in the cell division cycle right before M phase. 
 In their study, disruption in the cell cycle 
was also suggested by prolonged low ATP levels, drop in mitochondrial activity, and absence of massive 
cell death. Kumari et al. [67] observed cell division abnormalities from a dose-dependent decrease in the 
mitotic index and from chromosomal aberrations, including chromatin bridge, stickiness, disturbed 
metaphase, multiple chromosomal breaks and even cell disintegration. 
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4.2.1.5 Studies on Abnormal Expressions of Genes 
Exposure to silver nanoparticles was found to be responsible for the up-regulation of genes 
related to DNA damage repair, mitotic phase, microtuble-based process, DNA replication, and 
intracellular transport [52, 54, 61, 68]. More specifically, nanosilver exposure was found to induce up-
regulation of known stress-inducible genes, such as genes that produce metallothionein (which binds to 
metals), heat shock proteins, and catalase (which decomposes hydrogen peroxide, a potent oxidant). 
The effects were observed at relatively low concentrations, around 1 mg/l. 
4.2.1.6 Studies on Mechanism of Nanosilver Toxicity and Bio-distribution of Nanosilver in Cells 
On the biochemical level, most studies on the mechanism of Ag-NP toxicity focused on oxidative 
stress. Four studies [51, 52, 56, 57] found a dose-dependent increase in the presence of reactive oxygen 
species (ROS) in cells after nanosilver exposure. However, biochemical analysis (mitochondrial 
membrane potential, GSH69 content, GPx70 activity, SOD71 activity, catalase72
Entrance of silver nanoparticles into the cell has been unequivocally reported [53, 54, 56, 62, 
69]. Figure 21 is taken as an example from AshaRani et al. [56]. In particular, Ahamed et al. [54] found 
that coated nanosilver may enter all organelles. This may raise concern because a “Trojan Horse” 
 activity, and lipid 
peroxidation) produced mixed results as to whether cells experienced the harm of ROS and whether cell 
defense against oxidative stress was triggered [51, 62, 63, 66]. Two studies [52, 61] found that 
nanosilver toxicity was significantly decreased after the addition of N-acetyl-L-cysteine (NAC), but it 
remained unclear whether NAC acted as an antioxidant or a binding ligand. Therefore, we think that the 
proposition of an oxidative stress mechanism is not conclusive. 
                                                          
69 Glutathione; decrease in the activity of its reduced form suggests oxidative stress. 
70 Glutathione peroxidase; an enzyme family of peroxidase activity whose main biological role is to protect the 
organism from oxidative damage. 
71 Superoxide dismutase; antioxidant enzyme 
72 An enzyme whose main function is to catalyze the decomposition of hydrogen peroxide, a potent oxidant. 
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mechanism, whereby silver nanoparticles first enter cells as electrically neutral species and then release 
harmful silver ions, has been proposed for the toxicity of engineered nanoparticles in general  [69]. 
However, no direct evidence has shown that the mechanism applies to nanosilver’s toxicity to 
eukaryotic cells. 
 
Figure 21. Transmission electron microscopy (TEM) images of ultrathin sections of human brain tumor cells [56]. 
Compared with untreated cells (A), cells treated with Ag-NP showed large endosomes near the cell membrane 
with many nanoparticles inside (B). Nanosilver was also found in lysosomes (thick arrows), the cytoplasm (open 
arrow), and the nucleus (diamond arrow) (C). Magnified images showed that the cluster is composed of 
individual nanoparticles rather than clumps (D). Also shown in magnified images are nanoparticles the nuclear 
membrane invaginations (E) and in mitochondria and on the nuclear membrane (F).  
4.2.1.7 Other Studies 
An interesting result was presented by Rosas-Hernández et al. [65], who found that nanosilver 
had an inhibitive effect on rat coronary endothelial cell proliferation at concentrations lower than 10 
mg/l, but an inductive effect at higher than 50 mg/l. They associated the unusual proliferation with 
increased endothelial nitric oxide (NO) production. They claimed this phenomenon to be unique to the 
cells. The group also studied the effect of nanosilver on the functions of rat aortic ring segments. They 
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found that low concentrations induced vasoconstriction, but high concentrations induced vasodilation, 
which they also attributed to endothelial NO. 
Larese et al. [55] found in vitro that PVP coated 25 nm silver nanoparticles can penetrate human 
skin with a median amount of 0.46 ng/cm2 after 24-hour exposure at a dose of 70 μg/cm2. Penetration 
of damaged skin was about five times greater. In some samples nanosilver was found in the stratum 
corneum and the upper layers of the epidermis. 
Z. Liu et al. [70] studied the voltage-gated sodium current of rat hippocampal CA1 neurons after 
exposure to nanosilver. They concluded that nanosilver may alter the action potential of the neurons. 
Greulich et al. [58] studied the chemotaxis (cell movement as a response to chemicals in the 
environment) and cytokine release of human mesenchymal stem cells (hMSCs). They found that 3.5 
mg/l nanosilver reduced chemotaxis of the cells after seven days, while the effective concentration of 
silver ions was lower. Different cytokines were found to react differently to nanosilver exposure. 
R. Liu et al. [71] studied nanosilver’s toxicity to bovine serum albumin (BSA), a protein. They 
found structural change in BSA, namely an increase in α-helix and a decrease in β-sheet, which led to a 
loosening of the protein skeleton, and an increase in tryptophan exposure. Spectroscopic results 
indicated that BSA might have formed a complex with nanosilver. TEM and electrophoresis studies 
revealed coating of BSA onto the nanoparticles. 
4.2.2 In Vivo Toxicity  
4.2.2.1 Mechanism of Toxicity 
Over the past decades, the mechanism of how nanosilver particles react with cells had 
generated great amount of controversy among researchers. By examining how nanosilver works within 
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the organism, scientists would make it easier for institutions and organizations to write precautionary 
laws or guidelines for the general public. 
Some asserted that they settle and interfere directly on the cell walls and disrupt cell activity, 
others alleged they might act by a “Trojan Horse” mechanism by entering the cells and releasing silver 
ions that are long known to be toxic to cells [72]. 
Navarro et al. [73] used cysteine ligands which bind specifically to nanosilver or silver ions to 
determine the source of nanosilver. It was discovered that nanosilver took effect by both nanoparticles 
and ions, with nanoparticles furthering the impacts of the ions. Cysteine ligands that bind to either 
nanosilver or silver ions were used in the solutions that contained both kinds of silver. Compared to the 
effect of silver ions, It took an excess of 100 nM of the cysteine to neutralize the toxic level caused by 
nanosilver.  
 Griffitt et al. [74] studied zebrafish and pointed out that exposure to silver nanoparticles caused 
significantly higher amounts of silver associated with both gills and whole carcasses than exposure to 
soluble silver. 
In enhancing antimicrobial property, these silver nanoparticles were also proved to release 
silver ions in bacterial cells. Rai et al. [7] hypothesized that the large surface area might be the reason 
why nanosilver was a competent antibacterial material. Silver nanoparticles would interact with the 
sulfur-containing membranes and phosphorus-containing DNA upon contacting the cells walls. After 
entering the cells, they would then attack the respiratory chain, and cell division would finally lead to 
cell death. 
Page 69 of 171 
Chapter 4    Literature Review 
 
4.2.2.2 Organism Types 
Intuitively, different types of organisms have different resistance to nanosilver. Experts 
therefore took this into account because these data were important in performing the exposure 
assessment.  
In antibacterial studies, gram-positive bacteria73 are generally more resistant to nanosilver than 
gram-negative bacteria74
Martínez-Castañón et al. [75] found that the MIC (minimum inhibition concentration) of all 
samples is lower when tested against E.coli than when tested against S. aureus (Table 6). 
. An example of gram-positive bacteria would be E. coli and an example of 
gram-negative would be S. aureus.  The structural difference between the two types of bacteria is the 
organization of a key substance, peptidoglycan.   
Table 6. Minimum inhibition concentrations of silver nanoparticles [75]. 
Sample 
Minimum inhibition concentration 
(μg/mL) 
E. coli S. aureus 
7-nm silver nanoparticles 6.25 7.5 
29-nm silver nanoparticles 13.02 16.67 
89-nm silver nanoparticles 11.79 33.71 
 
                                                          
73 Gram-positive bacteria retain the color of the crystal violet stain in the Gram stain. This is characteristic of 
bacteria that have a cell wall composed of a thick layer of a particular substance (called peptidologlycan). 
(www.medterms.com) 
74 Gram-negative bacteria lose the crystal violet stain (and take the color of the red counterstain) in Gram's 
method of staining. This is characteristic of bacteria that have a cell wall composed of a thin layer of a particular 
substance (called peptidoglycan). (www.medterms.com) 
Page 70 of 171 
Chapter 4    Literature Review 
 
Toxicity data however, spread over a large variety of animal and plant species because it is not 
easy to simply characterize the entire biota using one or a few types. Noteworthy were their differences 
in dose response behavior and inhibition concentration towards silver.  
Ringwood et al. [76] compared the response behavior of oyster embryos with adult oysters and 
produced some interesting results. The oyster embryos did not behave in a dose-dependent manner like 
that of the adult oysters but were almost completely hindered at a threshold concentration of 1.6 μg/l.  
Two research groups [77, 78] used Sprague-Dawley rats as their experimental species. Sung et 
al. [78] took a thorough examination of the outcomes of nanosilver in different body parts of the rat; 
organs like lung, blood, liver, olfactory bulb and brain were shown to be dependent on dose.  Hyun et al. 
[77] did not observe any significant dose-dependent pattern. Sung et al. [78] also discovered that the 
kidney’s response to nanosilver is gender dependent, with females taking in more nanosilver than male 
rats. 
4.2.2.3 Silver Types 
Since the surface area plays a role in determine the toxicity of nanosilver in cells, the sizes and 
shapes of silver nanoparticles can influence their toxicity by providing significant different surface 
interactions with the cells. Although generally smaller particles have bigger impacts on the organisms 
given the larger surface contacts with the species, size-dependent toxicity has been confirmed only for 
certain concentrations and time point. 
Bar-Ilan et al. [79] discovered that cAg (colloidal silver)-induced mortality at 24 hpf (hour post 
fertilization) suggests size dependency, but lethality across the different sizes was not significantly 
different starting at 96 hpf. Therefore size dependency was ambiguous. Furthermore, except for 100 μM 
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cAg treatments, other concentrations of all cAg sizes did not elicit different mortality or sublethal effects 
through time. However some of the observed sub-lethal toxic effects were found to be size-dependent. 
In contrast, Martínez-Castañón et al. [75] stated that as the size of silver nanoparticles 
increased, antibacterial activity dropped. This trend can be easily seen in Table 6. 
Although there are no studies to date about the relation between nanosilver toxicity and shapes 
of nanoparticles, antimicrobial studies implied that the difference may exist. Pal et al. [80] discovered 
that truncated triangular silver nanoplates displayed the strongest biocidal action, followed by spherical 
shaped particles, rod-shaped particles and silver ions. When 100 µl of 107 CFU/ml75
 
 E. coli was applied 
on the agar plates, truncated triangular nanoparticless caused almost complete inhibition of bacterial 
growth at 1 µg; spherical particles caused significant inhibition at 12.5 µg and 100% inhibition at 50 µg; 
rod-shaped particles did not cause 100% inhibition even at 100 µg; and Ag+ exhibited the smallest 
toxicity. Reactivity of silver seemed to be favored by high-atom-density facets. 
Figure 22. Truncated triangular, spherical and rod shaped silver nanoparticles [80]. 
                                                          
75 CFU: Colony-forming unit, a measure of viable bacterial or fungal numbers 
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Coating can also affect the toxicity of silver nanoparticles. Navarro et al. [73] used carbonate 
coating to maintain nanosilver in suspension without aggregation, which helped the particles bypass the 
membrane barrier and enter the cells.  
4.2.2.4 Dose Dependence 
Although many kinds of dose-dependent behavior have been reported [76, 81], there is no 
complete theory about how organisms react to different doses of nanosilver. 
Ringwood et al. [76] discovered that the patterns of toxicity were different, with embryos 
apparently able to resist toxicity over a wide range of low concentrations, and then normal embryonic 
development was almost completely blocked at a threshold concentration of 1.6 μg/l (Figure 23).  
 
Figure 23. The effects of Ag nanoparticle exposures on (A) embryonic development of oysters, and (B) lysosomal 
destabilization of adult oysters, hepatopancreas cells. Values are means + standard deviations, and the asterisks (*) indicate 
significant differences from controls (p < 0.05) [76]. 
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4.2.2.5 Damage Types 
(1) Gene damage 
Some research papers indicate that nanosilver can cause gene damage to organisms. 
Ahamed et al. [82] indicated that nanosilver in D. melanogaster up-regulated the expression of 
Hsp 70, p53, and p38, and induced apoptosis at the given concentrations of 50 and 100 mg/l after 
exposure of 24h and 48h.  
Chae et al. [83] reported that nanosilver induced all six genes studied that were related with 
metal detoxification/metabolism regulation and radical scavenging action. Ionic silver induced three, 
and the overall stress response was lower. 
Roh et al. [84] showed from microarray analysis that up-regulated expression levels of 415 gene 
probes and down-regulation of 1217. 26 of the up-regulated and 685 of the down regulated genes were 
annotated. 
(2) Lethality  
Since the studies generally had different target organisms, different kind and sizes of nanosilver 
and different exposure time, it seemed pointless to state one concentration for LC50 or EC50 that would 
work for all.  
Comparing the conclusions of Chae et al. [83] and Kvitek et al. [85], one could easily notice the 
huge difference in the LC50 values. Chae et al. [83] gave a LC50 of 34.6 μg/l for nanosilver on Japanese 
medaka76 and Kvitek et al. [85] gave 39 mg/L on Paramecium caudatum77
                                                          
76 Oryzias latipes, also known as Medaka and Japanese killifish, is a member of genus Oryzias (ricefish), the only 
genus in the family Oryziinae. This rather small (2-4 cm long) native of Southeast Asia is a common denizen of rice 
paddies in coastal Asia. (http://en.wikipedia.org/wiki/Oryzias_latipes) 
, which differ by a factor of 
Page 74 of 171 
Chapter 4    Literature Review 
 
1000. This enormous difference might be due to the fact that these two organisms were really different. 
Additionally, other parameters like exposure time and characterization of nanosilver might also 
influence toxicity.  
One could also notice another conflicting result: silver ions were asserted to be almost as toxic 
as nanosilver by Chae et al. [83], while Kvitek et al. [85] proposed that  silver ions were nearly 100 times 
more toxic than silver nanoparticles (Table 7). 
Table 7. LC50 in different studies. 
Animal Characterization* LC50 of nanosilver LC50 of silver ions Reference 
Japanese 
medaka 
(Oryzias 
latipes) 
49.6 nm 34.6 μg/l  (96 h)  36.5 μg/l (96 h) [83] 
Paramecium 
caudatum 
30-40 nm; with or 
without surfactant 
or polymer  
39 mg/l 
 
 
0.4 mg/l [85] 
Zebrafish 
embryos 
Colloidal, 3, 10, 50, 
and 100 nm, 
spherical 
93.31 µM 
125.66 µM 
126.96 µM 
137.26 µM  
3 nm 
10 nm 
50 nm 
100 nm 
 [79] 
* Sizes are reported as diameters. 
(3) Sub-lethal damage 
There were also a few papers addressing the effects of nanosilver on animal organs and body 
parts. Working with zebrafish embryos, Lee et al. [86] observed finfold abnormality and tail/spinal cord 
flexure and truncation, cardiac malformation and yolk sac edema, head edema and eye deformity, while  
                                                                                                                                                                                           
77 Paramecium caudatum are unicellular organisms belonging to the genus of Paramecium of the phylum 
Ciliophora.They are less than 0.25mm in length and are covered with minute hair-like projections called cilia.( 
http://en.wikipedia.org/wiki/Paramecium_caudatum) 
Page 75 of 171 
Chapter 4    Literature Review 
 
Bar-Ilan et al. [79] observed opaque and non-depleted yolk, small head, jaw and snout malformations, 
stunted growth, circulatory malformations, tail malformations, body degradation, pericardial edema, 
bent spine, and not hatching by 120 hours post-fertilization. 
(4) Other 
In morphology studies conducted by Pal et al. [80], Ag-NP treated cells showed major damage in 
the outer membrane. NPs were observed to accumulate in the membrane with some penetrating it 
(Figure 24). 
 
Figure 24. EFTEM images of E. coli cells [80]. (A) Untreated E. coli. Flagella can be seen. (B) E. coli grown on agar plates 
supplemented with Ag+ (AgNO3). Arrows indicate partially damaged membranes. These cells are viable. (C) E. coli treated 
with triangular silver nanoplates. Silver nanoparticles appear as dark irregular pits on the cell surface. (D) E. coli treated with 
spherical silver nanoparticles. (E) Enlarged image of part of the bacterial cell membrane treated with triangular silver 
nanoparticles. The cell membrane is damaged in multiple locations. 
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4.2.3 Environmental Aspects of Silver Nanoparticles78
Mühling et al. [87] investigated Ag-NP antibiotic resistance effects in an estuarine sediment. 
Seawater-sediment samples were exposed to 50 and 2000 μg/l Ag-NPs. The samples were then exposed 
to different common antibiotics and CFUs were counted. No relationship was established between the 
presence of Ag-NPs and antibiotic resistance.  
 
Fayaz et al. [88] studied the synergistic effect of Ag-NPs (biogenically synthesized, various 
shapes, 5-40 nm) with common antibiotics, namely ampicillin, kanamycin, erythromycin, and 
chloramphenicol. Disks of E. coli, S. typhi (both are gram-negative), S. aureus, and M. luteus (both are 
gram-positive) were impregnated with 10 μg of antibiotics with or without 10 μg of Ag-NPs. In all 
samples antibacterial activity increased. The highest (~80%) and most consistent increase was seen in 
ampicillin, while the other antibiotics showed higher increase in antibacterial activity to gram-negative 
bacteria than to gram-positive bacteria.  
Miao et al. [89] studied the algal toxicity of 60-70 nm Ag-NPs to T. weissflogii in artificial sea 
water (ASW). Agglomeration of Ag-NPs in ASW was quick; no Ag-NPs were found in the <0.22 μm filtrate 
when ASW only was used as the solvent, and the toxicity showed a generally dose-dependent pattern 
with respect to free (i.e. non-complexed) Ag+ concentration. The secretion of polysaccharide-rich algal 
exopolymeric substances (EPS), which were speculated to be capable of reducing silver-related toxicity, 
significantly increased at increasing free Ag+ concentration. When glutathione or cystein (both are thiols) 
was added, stability of Ag-NPs dramatically increased, with concentrations as high as 1.08 × 10−5 and 
1.31 × 10−6 M, but as virtually all the free Ag+ was precipitated, no toxicity was observed.  
Bradford et al. [90] studied the impact of Ag-NPs on bacteria in estuarine sediments. Ag-NPs 
(58.6 nm, well dispersed after sonication) were added to tanks containing 20 L of natural estuarine 
                                                          
78 In Sections 4.2.3 through 4.2.7, the abbreviation Ag-NP is frequently used for silver nanoparticles.  
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water and approximately 3.8 ± 0.2 kg natural estuarine sediments over 20 days to reach final 
concentrations of 25 and 1000 µg/l, and then the tanks were left for 10 days. Silver was found to mostly 
deposit to the surface of the sediment, but was not transported to deeper layers. Mean prokaryotic cell 
counts showed that bacterial and archaeal abundance in the water was not affected by Ag-NPs. Gene 
fragment studies showed no changes in bacterial diversity in the surface of the sediment.  
Choi  et al. [91] studied the toxicity of Ag-NPs to nitrifying bacteria. Ag-NPs of various size 
distributions and concentrations were added to enriched nitrifying bacteria cultures. Results showed 
that the inhibition correlated with the relative abundance of Ag-NPs smaller than 5 nm. EC50 of Ag-NPs, 
AgCl colloids, and Ag+ ions were 0.14 mg/L, 0.25 mg/L, and 0.27 mg/L Ag, respectively. Results from 
intracellular and photocatalytic reactive oxygen species (ROS) studies indicated that factors other than 
ROS are also important in determining nanosilver toxicity.  
4.2.4 Nanosilver Release from Consumer Products 
Benn & Westerhoff  [92] investigated the silver release from six brands of commercial socks into 
water. The SEM images of these Ag-NPs showed that they were spherical or irregularly shaped, with a 
diameter of 10-500 nm. (The spherical ones are shown in Figure 25.) The amount of nanosilver in these 
socks was 2 to 1360 µg-Ag/g-sock. 
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Figure 25. SEM image of ashed sock 3 material showing spherical silver particles on the order of 100 nm in diameter [92]. 
The socks were exposed to water for 1 or 24 hours. Results showed that socks with nanosilver of 
spherical shape and size of 100-500 nm have better stability than socks with irregularly shaped 
nanosilver with size <100 nm. For example, Figure 26 illustrated that sock 3 (with nearly spherical 
particles on the order of 100 nm), has a longer life serving as an antimicrobial agent than sock 1 (with 
irregularly shaped particles smaller than 100 nm) by leaching a small amount of silver leaching during 
each wash.  
 
Figure 26. Cumulative mass of silver released from three sock types (four socks total) into four consecutive 24-h washings in 
distilled water [92]. 
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Geranio et al. [93] compared the amount and the form of Ag released during washing from nine 
fabrics with different ways of silver incorporation into or onto the fibers and concluded that textiles with 
Ag incorporated into the fiber matrix released only very small amounts. The release of Ag+ from Ag-NPs 
during washing at pH 10 is about ten times lower than at pH 7. The group also studied the effect of 
anionic surfactants on silver release. The presence of SDS79 decreased the concentration of released Ag+.  
In the absence of SDS the NP-powder did not form a suspension and only a few very large aggregates 
were present in the solution. No influence of SDS or LAS80
Impellitteri et al. [94] examined an antimicrobial sock material containing Ag nanoparticles by X-
ray absorption spectroscopy to identify the speciation of Ag. Results revealed that more than 50% of the 
elemental Ag nanoparticles were converted to AgCl after exposure to the HOCl/detergent solution. 
Several controls were examined and the results suggest that the transformation of the elemental Ag 
nanoparticles to AgCl proceeds rapidly in the presence of an oxidizer.  
 was observed on the dissolution of the 
carbonate-coated Ag-NPs. The effect of oxidants was also studied and it was concluded that oxidants 
generally increased dissolution, but hydrogen peroxide decreased the stability of silver ions and 
precipitated them.  
Chi et al. [95] studied the in vitro genotoxicity of Ag-NPs combined with detergent component 
cetylpyridine bromide (CPB) by resonance light scattering. Calf thymus DNA (ctDNA) was impregnated 
with various concentrations of Ag-NPs and CPB. Shifts in peak wavelengths in the spectra indicated that 
the genotoxicity of Ag-NPs was greatly increased by CPB.  
                                                          
79 n-Dodecylsulfat sodium salt, an anionic surfactant common in detergents.  
80 Linear alkyl benzene sulfonate, an anionic surfactant common in detergents. 
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4.2.5 Exposure Modeling and Risk Assessment 
Blaser et al. [96] estimated biocidal silver exposure from plastics and textiles in Europe.  The 
study features a detailed model for release pathways and environmental transport. The conclusion is 
that values of PEC/PNEC > 181
Mueller & Nowack [8], on the contrary, used rougher estimates for its transport model, but 
covered more consumer products. The conclusion is PEC/PNEC < 1. The authors did admit to great 
uncertainty, however, and the PNEC used was higher compared with a number of more recent studies.  
 cannot be ruled out in freshwater ecosystems because of our lack of 
knowledge.  
Luoma [97] proposed using PNEC values on the scale of 10 ng/l, which comes from dissolved 
silver studies and is much less than those used in the other studies. He thus suggested using great 
caution. 
The UK Department for Environment, Food, and Rural Affairs presented an interesting review 
[98] of the above three articles: “If one assumes that (a) all the nanosilver modelled in Mueller and 
Nowack paper will become dissolved in the environment; (b) PEC values are approximately 80 ng L-1, 
possibly rising to ca 1 µg L-1 as described by Mueller and Nowack and Luoma papers; (c) 10 ng L-1 is the 
true LOEC82
                                                          
81 PEC: predicted environmental concentration; PNEC: predicted no effect concentration 
 for dissolved silver; it is possible to conclude that the PEC/PNEC value is substantially higher 
than 1, which is a cause of concern.” 
82 Lowest observed effects concentration; same concept as PNEC. 
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4.2.6 Potential Risk Mitigation Methods 
 Travan et al. [99] investigated the antibacterial properties and toxicity of silver-biopolymer 
nanocomposites. The properties of Ag-NPs dissolved in Chitlac83 solution or trapped in 3-D alginate84
 
-
Chitlac hydrogel structures (shown in Figure 27) were investigated. Ag-NPs were stabilized by Chitlac. 
Treated by Chitlac solution, Ag-NPs were found to be both antibacterial and cytotoxic. However, trapped 
in 3-D hydrogel structures, Ag-NPs were antibacterial but non-cytotoxic to eukaryotic cells. The scientists 
proposed that these nanoparticles immobilized in the gel matrix can exert their antimicrobial activity by 
simple contact with the bacterial membrane but avoid being uptaken and internalized by eukaryotic 
cells. 
Figure 27. (Left and upper right) Schematic representation of the polymeric chains of Chitlac providing the nitrogen atoms for 
the coordination and stabilization of silver nanoparticles. (Bottom right) Mixed alginate−Chitlac cylindrical hydrogel 
containing silver nanoparticles [99]. 
                                                          
83 1-deoxylactit-1-yl chitosan, a substituted polysaccharide. 
84  An anionic polysaccharide. 
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Jain et al. [63] tested two Carbopol85
 Fu et al. [100] discovered that multilayer films containing nanosilver were not only an 
antibacterial agent but also an anticoagulant coating. Chitosan
 based gel formulations containing 0.02 mg/g or 0.1 mg/g 
Ag-NPs. The gels showed good antibacterial properties, but were not toxic to rat skin.  
86-silver nitrate complex and heparin87
 
 
were alternately deposited onto an aminolyzed poly (ethylene terephthalate) film surface, within which 
silver nanoparticles are reduced from silver ions with ascorbic acid. This was done in a layer-by-layer 
fashion (Figure 28). The material was antibacterial to E. coli, but did not show cytoxicity to mouse 
MC3T3 osteoblast-like cells by MTT assay. In addition, it demonstrated the same anti-clotting property 
as unmodified chitosan-terminated heparin-containing multilayer films. The authors recommended the 
use of this material for cardiovascular implants. 
Figure 28. Fabrication process of the multilayer films containing nanosilver [100]. 
 
                                                          
85 Prop-2-enoic acid. 
86 A polysaccharide. 
87 A highly-sulfated glycosaminoglycan widely used as an injectable anticoagulant. 
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 Choi et al. [101] investigated the role of ligands on Ag-NP toxicity to nitrifying bacteria. Nitrifying 
bacteria were exposed to 10 μM (approximately 1mg/L) Ag-NPs (15 ± 9 nm), and each kind of ligand was 
added gradually in small amounts. Results showed that sulfide was the only ligand to effectively reduce 
nanosilver toxicity. The Ag2S complex was also found to be stable under aerobic conditions.  
Gunawan et al. [102] devised a reversible antimicrobial photoswitching method of nanosilver 
using an optical wavelength-selective technique. Finely dispersed nanosilver (2 nm) on a titanium 
dioxide (TiO2) support was synthesized rapidly via a one-step flame spray pyrolysis of silver benzoate 
and titanium isopropoxide co-dissolved in acetonitrile/xylene, producing a brownish gray powder 
consisting of Ag2O that showed dose-dependent antimicrobial activity from 1 to 500 mg/l. Ex situ pre-
irradiation of the powder with UV-A light (1.37 mW/cm2, λ = 300-400 nm) reduced the silver to metallic 
form and changed the powder color to violet black. The antimicrobial activity of the powder was 
reduced by up to 75% after up to 80 h irradiation. The 40-h irradiated powders were further exposed to 
visible light (λ > 450 nm) for 8 h. Powder color was switched back to brown, and the antimicrobial 
activity was completely recovered. Fully reversible and indefinite cyclical characteristics of the Ag/TiO2 
were seen in terms of both physicochemical properties and antimicrobial action via repeated UV-A and 
visible light pre-irradiation.  
4.2.7 Analytical Tools 
Rogers et al. [103] studied ferric reducing ability of serum (FRAS) as a screening tool to quantify 
the degree of oxidative damage induced on human blood serum. As a test the authors ran FRAS on 
human blood serum exposed to different NPs (10 mg/ml serum, 37 °C, 90 min), and showed that the 
antioxidant capacity of nanomaterial-treated serum was significantly decreased by nano-silver. Other 
nanoparticles were tested, too, and based on the results, the authors pointed out that particle surface 
area, and not biological particle size, was highly associated with the degree of oxidative stress observed.  
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Manzoori et al. [104] proposed a very simple method for determining ultra-trace amounts of 
silver by electrothermal atomic absorption spectrometry after preconcentration with a ligand-less cloud 
point extraction. The method was successfully applied to the ultra-trace determination of silver in water 
samples. This method is suitable for the determination of ultra-trace silver in environmental water 
samples.  
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Chapter 5    Risk Assessment 
 
This chapter presents environmental risk assessments for carbon nanotubes and nanosilver. The 
assessments serve as the keystone of the entire project: they integrate the most essential information 
from the literature review, demonstrate the importance of answering certain research needs, and 
directly inform our guidelines. 
The assessments followed the professional convention [9]. We first evaluated the expected 
exposure level and the harmful exposure level88
5.1 Carbon Nanotubes 
  for each nanoparticle, and then compared these two 
levels to characterize risks. The assessment for carbon nanotubes was qualitative, while the assessment 
for nanosilver, built upon a comprehensive yet crude picture of environmental fate, was quantitative. 
Based on the results of our literature review and background research, we concluded that we 
could best assess the environmental risk posed by carbon nanotubes by using a primarily qualitative 
approach.  We used this qualitative approach for two independent reasons.  First, new applications of 
carbon nanotubes with vastly different possibilities for release are going to be brought into usage in the 
relatively near future due to their rapidly declining price.  Many also expect the quantity of carbon 
nanotubes used to increase significantly over the next few years.89
                                                          
88 “Dose-response assessment” in professional terminology 
  Thus, we did not think that a highly 
quantitative assessment of the current releases of carbon nanotubes into the environment would reflect 
the long term situation.   
89 Rejeski, http://www.pewtrusts.org/news_room_detail.aspx?id=38330, Page 3 
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5.1.1 Exposure 
Exposure is defined as the process by which an organism acquires a dose of some chemical, or 
more loosely as contact with a physical or chemical agent.90
5.1.1.1 Current estimates of exposure and future trends 
  Toxicokinetic models can be used to 
estimate internal doses from external doses.   This allows for a better assessment of risk from the results 
of in vitro studies.  In this risk assessment we identify three major routes of exposure: inhalation, solid 
media, and ingested food and water.   For each of these, we attempt to draw estimates of internal 
exposure from the estimates of external exposure.  While acknowledging limitations in the available 
literature, we discuss several studies of environmental fate and transport.   
Mueller and Nowack [105] estimate that 50% of the nanotubes released into the environment 
will be released from plastics and sporting equipment and that the other 50% will be released into the 
environment from electronics and batteries.  The paper goes on to make a high end estimate of 0.0008 
µg/l concentration in water and 0.0023 µg/m3 concentration in air [105].     
There is significant evidence, however, that the level of nanotube production and release will 
significantly increase.  Köhler et al. [106] used two case studies to evaluate potential environmental 
carbon nanotube release: lithium ion batteries and synthetic textiles.   SWCNTs may be used in lithium 
ion batteries.  60% of cell phones and laptops already contain CNTs in their electrodes, and abrasion and 
aging may cause their release.  CNTs could also be released into the air during recycling (and might pass 
through air filters).  For applications in textiles, CNT could be woven into yarn, with the ends of 
nanotubes being connected by van der Waals forces.  Also fibers may be coated with CNTs for their 
unique electrical and mechanical properties.  These CNTs may also be released into the environment 
through weathering and mechanical abrasion.   
                                                          
90 Suter, Glenn W. Ecological Risk Assessment. Boca Raton: Lewis, 1993. Print. 
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5.1.1.2 External Exposure 
The environmental interaction of nanotubes significantly determines their environmental risk as 
it influences their long term potential for exposure.91
5.1.1.3 Internal Exposure 
  The amount of research in this area is 
unfortunately very limited; however several studies shed light on the environmental fate and transport 
of nanotubes.  First, carbon nanotube samples exposed to water with natural organic matter for 2.5-7 
years showed significantly decreased cytotoxicity [12].  This result suggests that nanotube releases will 
become less harmful through years of aquatic exposure after release.  A study by Hyung et al. [12] found 
that 0.6 to 6.9 mg/l of MWCNT suspended in the aqueous phase, MWCNT settled more quickly in water 
without organic material.  This suggests that aquatic organisms, due to lower rates of settling in water 
with natural organic matter, will be more likely to be exposed to carbon nanotubes after release.  
Templeton et al. [48] showed that nanotubes tend to aggregate more if they are in water with higher 
ionic strength, which may reduce their toxicity [41].  
In the last section, we discussed the direct exposure of organisms to nanotubes in their 
environment.   This kind of exposure is useful for interpreting the relationship between environmental 
concentration and in vivo toxicity. However, to understand the relationship between environmental 
concentration and in vitro toxicity, which is more convenient to study, a bridge is needed between 
external exposure, such as the dose applied to the mouth, nasal opening, or skin, and internal exposure, 
such as the actual exposure in the blood, liver, or lungs. Two methods can be used to serve this purpose.  
The first method is the examination of tissues from organisms used with in vivo studies, which are 
referred to as histology studies.  This method allows the researchers to determine, often qualitatively, 
                                                          
91 Suter, Glenn W. Ecological Risk Assessment. Boca Raton: Lewis, 1993. Print. 
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how exposing an animal to a substance exposes its individual organs and cells to the substance.  The 
second method is toxicokinetics, which is discussed extensively in Suter’s Ecological Risk Assessment.92
The first route through which external exposure can occur is ingestion.  An in vivo study done on 
a Nauplius Copepod [13] showed that single-walled carbon nanotubes were ingested as whole 
agglomerates, condensed, and released into fecal pellets.  Another study [45] using the lumbriculus 
variegatus worm showed that the majority of carbon nanotubes were maintained in residual gut 
sediment and purged from the worm’s body.   
    
 
Figure 29. Single-walled carbon nanotubes following ingestion by a Nauplius Copepod.  A and B show undisturbed 
agglomerates, C and D show agglomerates after ingestion, and both E and F show agglomerate in fecal pellets [13].   
Another route is through the bloodstream.  Although external exposure to the bloodstream is 
limited, it is worth evaluating the relationship between bloodstream exposure and exposure to specific 
organs because dermal exposure may lead to bloodstream exposure and because nanotubes in the 
lungs can enter the bloodstream through capillaries.  Liu et al. [1] discovered that carbon nanotubes can 
                                                          
92 Suter, Glenn W. Ecological Risk Assessment. Boca Raton: Lewis, 1993. Print. 
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transverse capillary walls in the lungs.  Singh et al. [24] found that carbon nanotubes administered 
intravenously did not significantly accumulate in specific organs, and that the carbon nanotubes were 
cleared through renal excretion.   
It was found that multi-walled carbon nanotubes from 0.5-500 µm entered the lung’s alveolar 
interstitium at concentrations of 3 mg/kg.  TEM showed that nanotubes were able to traverse capillary 
cell walls and that CNTs could remain in the lungs for up to three months after exposure [1].  Pulmonary 
deposition of carbon nanotubes was estimated as being 10% of the external dose [2].   
5.1.2 Effects 
The effects of carbon nanotubes on organisms have been studied using in vivo studies on 
aquatic organisms and on mice and rats for the purpose of assessing respiratory toxicity.  Shvedova et al. 
[5] reports acute inflammatory reactions and the formation of granulomas in an in vivo study using 0-40 
g of carbon nanotubes per mouse administered using pharyngeal aspiration.  Liu et al. [1] also 
conducted a study using 0-7 mg/kg of carbon nanotubes administered intratracheally to mice also found 
an acute inflammatory response at 3-7 mg/kg and a mild inflammatory response at 1-3 mg/kg.  In 
aquatic organisms, the lowest median lethal concentration that has been found is 1.05 mg/l for algae 
[23].  Although there are only a handful of in vivo studies on aquatic organisms, Kahru and Dubourguier 
[23] have classified carbon nanotubes as being toxic.   
5.1.3 Results and Discussion 
 This risk assessment naturally falls into two different categories: exposure by ingestion and 
respiratory exposure.  Although it must be restated that the body of research here is limited, the studies 
in the literature review suggest that carbon nanotubes ingested in sediment are eventually purged and 
are not significantly retained by the body.  Studies of respiratory toxicity showed that carbon nanotubes 
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achieved significant internal levels, which can be related to the results of In vitro studies on pulmonary 
cells.  Although the exposure required to produce the effects discussed earlier is significantly below 
what would be expected in a workplace environment, the long term biopersistence of carbon nanotubes 
is not well understood [17] and thus more research is needed before a definitive conclusion can be 
reached regarding the respiratory hazard posed by carbon nanotubes.   
5.2 Nanosilver 
Based on our review of existing scientific literature, we conclude that our current knowledge 
level of the environmental and biological behavior of nanosilver is low. There is difficulty in obtaining 
other parameters for risk assessment, too. Nevertheless, we think that there exist enough data to 
formulate a crude yet quantitative assessment. We find this “screening-level” assessment [9] valuable 
because (a) it gives us a rough idea of how strict our guidelines must be in terms of mitigation and 
regulation, (b) it helps us pinpoint the knowledge gaps that are most urgently needed for a better risk 
assessment, (c) it creates a mathematical model into which future knowledge can immediately be 
integrated, and (d) although the data used in this particular assessment are on the global scale, the 
model can be easily modified to a local scenario (for example, a suspected contaminated site), where it 
might achieve better accuracy.  
5.2.1 Assumptions and Model 
 The assessment, as briefly introduced in Section 2.3.2, compares our prediction of the 
environmental concentration of nanosilver with the lowest known EC50/LC50 level (the most frequently 
reported quantitative toxicity index) divided by a safety factor. We make the following assumptions: 
(1) Only continental surface water is considered. Preliminary data have shown that assessment for 
other environmental compartments are not urgent because silver nanoparticles currently do not 
Page 91 of 171 
Chapter 5    Risk Assessment 
 
enter them in significant amounts. We have seen estimates in the literature [8] that precluded 
the risk of air-borne nanosilver because of its extremely low predicted concentration. Also, in 
one study [90], nanosilver has been found to have a low risk of penetrating into the deeper 
layers of the sediment from water. The top layer of sediments is the only other place where we 
suspect nanosilver may accumulate, but in the same study no disturbance to the sediment 
bacterial diversity was detected.  
(2) Only the toxicity of nanosilver is considered. We do not have enough information to consider 
the additive effect of nanosilver to other silver species, or its synergistic effects (i.e. effects that 
are higher than the sum of individual effects and are only exhibited when two or more 
chemicals act together) with other toxic substances, and therefore we can only make this 
assumption.  
(3) Nanosilver is assumed to be evenly distributed in the water body considered. This assumption 
adds significantly to the crudity of our assessment, but this is the only reasonable thing to 
assume when no other information is given. If the model is used for a local scenario, this 
assumption may be much more valid. 
(4) Nanosilver is assumed to be released in the water body at steady rates. This is not consistent 
with the fact that nanosilver production has seen a great increase in recent years. However, only 
rough estimates exist for the production scale, and predictions of increase rates are bound to be 
crude. Therefore we can only assume steady accumulation, and hope that a higher estimation of 
production scale will account for future increase.  
(5) Nanosilver is assumed to stay in continental water only for a finite period of time. This is not a 
well-based assumption, but it makes sense that nanosilver in rivers and lakes will eventually 
either be flushed into oceans, where its concentration will be negligible, or be deposited in the 
Page 92 of 171 
Chapter 5    Risk Assessment 
 
sediments by the binding of sulfur-containing species [101], which are fairly abundant in the 
environment. 
(6) The safety factor is assumed to be 1000. The factor is designed to account for using median, not 
minimum, effective concentration.93 It is also supposed to absorb the uncertainties in other 
parameters and avoid the danger of underestimating the risk. It is arbitrary, but we believe it to 
be sufficiently small. This is supported by methods that US EPA uses for risk estimation that 
apply uncertainty factors ranging from 3 to 1000 depending on the quantity and quality of 
available data.94
Our model for predicting the environmental nanosilver concentration, which was briefly 
introduced in Section 2.3.2, is converted into the equation 
 
accum
surfaceOH
remainreleaseprod
pred tV
rrm
c ⋅=
,2

 ,    (2) 
where 
predc  = predicted environmental concentration, 
prodm  = annual production rate, 
releaser  = percentage of produced nanosilver that ends up in continental surface water, 
remainr  = percentage of released nanosilver that remains in water after a short time, 
                                                          
93 As a reference, Slooff et al. [107] drew upon toxicity data of 164 chemicals toward the same speicies and 
proposed the relationship  
log NOEC(species) = -1.28 + 0.95 log L(E)C50, 
 where NOEC is the long-term no observed effect concentration and L(E)C50 is the acute median lethal or effective 
concentration.  They also analyzed data of ecosystem toxicity levels from 34 chemicals and found the relationship 
log NOEC(ecosystems) = -0.55 + 0.81 log L(E)C50. 
The “species” equation corresponds to a safety factor of about 20 in our model. The “ecosystem” equation gives a 
factor of less than 5. Since the uncertainty of the data in our assessment is large, we chose safety factors that were 
larger than usual. 
94 Personal Communication, Jo Anne Shatkin (co-advisor). 
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surfaceOHV ,2  = volume of continental surface water, 
accumt  = accumulation time of nanosilver in continental surface water. 
The predc  is then compared with the quantity 
safetyallowed fECc /min,50= ,    (3) 
where  
allowedc  = highest allowed safe concentration, 
safetyf  = safety factor to allow uncertainties, 
min,50EC  = the smallest EC50 (median effective concentration) of nanosilver toxicity to cell 
viability reported in the literature. 
 If predc  is larger than allowedc , we perceive the risk that nanosilver poses to continental surface 
water to be high, and vice versa. 
5.2.2 Application of the Model to a Global Scale Assessment 
We use the model to develop a screening level global scale risk assessment for nanosilver. Due 
to the high uncertainty in data, two scenarios, one representing the highest possible risk with our known 
data and assumptions and one representing the lowest, are constructed. The values used for the 
variables and results of the two scenarios are listed in Figure 30 and Table 8, and are discussed below.95
                                                          
95 a = year; t/a = metric tons per year (annum). 
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Figure 30. Values of variables and results of the environmental concentration assessment for nanosilver. 
 
Table 8. Sources or justifications for values of variables used in the nanosilver assessment. 
High-risk scenario: 
prodm  = 800 t/a Supporting info of [8]. 
releaser  = 14% [96]. 
remainr  = 100% Maximum possible. 
surfaceOHV ,2 = 37200 km
3 
http://maps.grida.no/library/files/storage/freshwater-resources-volume-by-
continent.png Wetlands, large lakes, reservoirs, and rivers only; sum of the 
amount in North America, Europe and one quarter the amount in Asia. 
accumt = 20 a Rough estimate. 
 
Low-risk scenario: 
prodm  = 4.7 t/a Silver Institute Silver News.96
releaser
  
 = 3.2% Supporting info of [8]. 
remainr  = 5% [74]. 
surfaceOHV ,2 = 189900 km
3 http://ga.water.usgs.gov/edu/earthwherewater.html Lakes, swamp water, and 
rivers only 
accumt = 1 a Rough estimate. 
 
                                                          
96 http://www.silverinstitute.org/images/pdfs/2q08.pdf 
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 Estimations of global nanosilver production scale are scarce and varied. Mueller and Nowack [8] 
gave two estimations, both coming from personal communication with professionals, in the supporting 
information of their paper: 0.1 – 1 t/a and 300 – 800 t/a. Also, the Silver Institute estimated the total use 
of nanosilver worldwide (as of second quarter, 2008) to be 150,000 troy ounces, or 4.7 metric tons.97
Table 9. Compilation of production volumes of nanosilver from the literature [8]. 
 
From Mueller and Nowack [8], we find 300-800 t/a to be more consistent with the regional production 
scale numbers that are also listed in their paper. We take 800 t/a as our upper limit for the production 
rate parameter. 4.7 tons from the Silver Institute is supposed to be an accumulative number, but we 
simply take 4.7 t/a as the lower limit of the production rate. Related data are given in Table 9. 
Description Amount (t/a, unless specified) Source 
Amount produced/handled by 3 
companies in Switzerland (particle 
size <1 µm) in liquid form 
3.1 [108] 
Imports of nano-Ag in paints to 
Switzerland 
0.5 [8] citing Burkhardt, Pers. Comm. 
Amount produced by one company 
in Switzerland for sprays 
0.003 [8] citing Koch, Pers. Comm 
Production in Europe 110-130 [96] citing HeiQ, Pers. Comm. 
Worldwide 0.1 – 1 [8] citing DiRienzo, Pers. Comm. 
Worldwide 300 – 800 [8] citing Centonze, Pers. Comm. 
Worldwide 4.7 (Total use up to second quarter, 
2008) 
Silver Institute Silver News.98
Pers. Comm. = Personal communiation 
 
 
The percentage of nanosilver that is eventually released into water is assessed in two studies. 
Mueller and Nowack [8] studied in detail the release of nanosilver from consumer products into the 
                                                          
97 http://www.silverinstitute.org/images/pdfs/2q08.pdf  
98 http://www.silverinstitute.org/images/pdfs/2q08.pdf 
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waste management system, while their study of nanosilver’s behavior after the initial release was 
relatively crude. They only counted the effect of nanosilver and discarded the effect of silver ions 
released as a consequence of nanosilver production or use, which is close to our assumption. Blaser et 
al. [96], on the other hand, assumed that nanosilver toxicity in the environment is only caused by silver 
ion release and were able to depict silver’s pathway from waste management to the environment in 
more detail, as data for silver ion pollution were more abundant. We cannot judge which study is 
superior to the other. Both studies took a multi-scenario approach, and we pick the highest and lowest 
numbers presented for our water release percentage. 
Silver nanoparticles used in a few studies have been observed to be stable in water [53, 82], and 
therefore in the high-risk scenario we assume that all silver nanoparticles remain in water in dispersed 
form after their release. However, most studies report the agglomeration of nanosilver in water. In an 
extreme case, Griffitt et al. [74] found that as much as 95% of their original nanosilver precipitated from 
water after 2 hours; the 5% that remained, though, were stable throughout the 48-hour period of their 
study. We take the 5% number as our retention percentage in the low-risk scenario. 
As for the size of the water body, in the low-risk scenario we assume that nanosilver is dispersed 
evenly in continental surface water. Considering the fact that nanosilver is more likely to accumulate 
near the regions of its production and use, in the high-risk scenario we use the sum of the water 
volumes in North America, Europe and one quarter the amount in Asia. 
The accumulation time numbers are only rough intuitive estimates. The two existing studies [8, 
96] are both built on steady-state approximations and do not account for accumulation, but we think 
that this is a factor that should not be neglected.  
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We thus predict the environmental concentration of nanosilver in world continental surface 
water to be 
𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,ℎ𝑖𝑖𝑖𝑖ℎ =  6.0 ×  10−5 mg/L ,     (4) 
𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ,𝑙𝑙𝑙𝑙𝑙𝑙 =  4.0 ×  10−11 mg/L .    (5) 
On the other hand, the highest safe concentration is calculated to be  
𝑐𝑐𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝 = 𝐸𝐸𝐸𝐸50,𝑚𝑚𝑖𝑖𝑚𝑚 / 𝑓𝑓𝑠𝑠𝑎𝑎𝑓𝑓𝑝𝑝𝑠𝑠𝑠𝑠 = 0.0346/1000 mg/L = 3.46 ×  10−5 mg/L  (6) 
where min,50EC is obtained from [83] by comparing all the literature values discussed in Sections 4.2.1.1 
and 4.2.2.5 and taking the lowest. Therefore, the result from the high-risk scenario depicts nanosilver to 
be risky by a narrow margin, while the result from the low-risk scenario predicts no risk. 
5.2.3 Discussion 
Our results demonstrate the possibility that nanosilver, at the current rate of production and 
release, may affect some organisms in the environment. Organism lethality caused by nanosilver at 
concentrations on the μg/l scale is reported in only a few studies [76, 83], but these are in vivo studies 
on water-borne species (one on fish, one on oysters) and are the most closely related to our 
assessment. The claims are also backed by the data on toxicity of traditional silver on water-borne 
organisms (see, for example, the results reviewed in [109]). Therefore, we think that the possibility of 
danger is genuine. 
That being said, we do realize that some assumptions in the high-risk scenario, especially the 
100% retention, are too pessimistic. If proper risk mitigation methods are in place at the release stage, 
we expect the situation to be closer to the low-risk scenario, which predicts no risk. Therefore, in our 
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guidelines we emphasize the mitigation strategies, while no measures are proposed to reduce or limit 
production scale. 
The assessment also gives some insight into the necessity of a change in toxicity research 
priorities. Our research of the existing literature shows that in vitro toxicity studies, which almost 
uniformly used mammal cells (Section 4.2.1) and appeared to be more oriented to human health risks, 
are more abundant than other types of studies. However, if we substituted the lowest EC50 from the in 
vitro studies, which is 0.53 mg/L reported by Kim et al. [52], into our highest safe concentration 
equation, the result would indicate that the risk of nanosilver is low, even in the high-risk scenario.99 
This suggests two important points: (a) the threat of nanosilver to human health (at non-occupational 
exposure levels) seems to be low, and (b) the toxic dose to mammalian cells is not a good indicator of 
nanosilver’s environmental risks. Both points are evidence that now may be a good time for more 
emphasis to be laid on the environmental risk posed by nanosilver.100
A prominent feature of the results from the two scenarios is that they differ greatly by six orders 
of magnitude. Though the big differences in the values of some variables may be artificial, the 
uncertainty reflects the lack of knowledge in the production, release, and environmental behavior of 
nanosilver. Research needs in this field will also be discussed in Section 6.2.2. 
 Further discussion will be given in 
Section 6.2.2. 
 
  
                                                          
99 That was the method and result we used to conclude low risk in our work-in-progress presentation (see 
Appendix B), which now prove to be incorrect. 
100 We have no intention of deprecating the value of the existing research on human health risks – it has been 
absolutely necessary, and it is understandable for studies on human health risks to be emphasized when a new 
suspected toxin is discovered – but a change seems to be needed now. 
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The work presented in all the previous chapters was aimed at developing a set of guidelines for 
the environmentally friendly and sustainable use of nanomaterials.  The guidelines include best practices 
for environmental risk mitigation, priority suggestions for future research, and data collection and 
consumer awareness suggestions for companies and the government.  Most of these are non-regulatory 
guidelines: we hope the related stakeholders will follow them on a voluntary basis. Regulatory 
suggestions were made only where current voluntary programs are not serving their purposes. 
6.1 Guidelines for Carbon Nanotubes 
6.1.1 Mitigation Strategies 
The toxicity of carbon nanotubes was discussed in the literature review and cast light on the 
impact on humans and the environment. Only one paper we read discussed the possible mitigation 
strategy.  Yan et al. [46] suggested oxidative stress to cell membranes as a direct mechanism for toxicity.  
This mechanism has been linked to the inflammatory and fibrotic response to carbon nanotubes found 
in the lungs of mice and rats.  Yan et al. also suggested that the antioxidant surfactant tocopheryl 
polyethylene glycol succinate (TPGS)101
                                                          
101 TPGS is a synthetic amphiphile that undergoes enzymatic cleavage to deliver the lipophilic antioxidant, α-
tocopherol (vitamin E) to cell membranes, and is approved as a water-soluble vitamin E nutritional supplement and 
drug delivery vehicle by U.S. Food and Drug Administration (FDA). 
 (Figure 31) could be used to prevent oxidative damage to cell 
membranes. Also, TPGS could be used for dispersion and processing of carbon nanotubes in aqueous 
media. 
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.  
Figure 31. The structure, hydrolysis, and anti-oxidative reaction of TPGS [46]. 
TPGS was found to be capable of dispersing multi-wall and single-wall carbon nanotubes in 
aqueous media, and was more effective on multi-walled carbon tubes (Figure 32). TPGS has low risk to 
human health and is commercially available. Therefore, this dispersant could be potentially used as a 
safe surfactant for “green” processing of carbon nanomaterials.  
Page 101 of 171 
Chapter 6    Environmental Guidelines 
 
 
Figure 32. HRTEM images of carbon nanotubes in TPGS solutions after 2-hour sonication [46]. 
6.1.2 Research Priority 
Our literature review identified areas that have not been well studied and thus more research is 
needed in these fields. Here are our suggestions for conducting future research:  
(1) More studies on long term environmental fate and transport; 
(2) More studies comparing the toxicity and environmental transport and fate of functionalized and 
non-functionalized nanotubes; 
(3) More in vivo studies on environmentally relevant species; 
(4) More in vitro studies on different experimental models; 
Page 102 of 171 
Chapter 6    Environmental Guidelines 
 
(5) More research on sample defects and bioavailability of iron and nickel; 
(6) More studies on mitigation strategy; and 
(7) Better standardization of models and characterization of materials. 
Among all the studies we read, only four talked about the fate and transport models for carbon 
nanotubes [11-14] . Also, we found only one paper comparing the toxicity of functionalized and non-
functionalized nanotubes [39]. The functionalization of carbon nanotubes may also be a major factor 
affecting toxicity.  
The models used for in vivo and in vitro studies were limited. More models are needed on how 
carbon nanotubes will affect humans and biota.  Macrophage line from either human or murine is a very 
common model. Because macrophage and other cells constitute the first line of defense in the immune 
system, it is valuable to study how the properties of macrophages will change after exposure to carbon 
nanotubes. Four studies used macrophage cell lines as models [5, 25, 26, 32]. The major type of 
macrophage cells was alveolar macrophages.   
The second most commonly used cell type is keratinocytes, or epidermal cells. Study of this type 
of cell is important because the result will reflect the risk of occupational exposure. Five research 
projects used skin cells as their models [28, 31, 34, 42, 110].   
A few other studies utilized different models.  Zeni et al. [30] investigated the cytotoxicity of 
single-walled carbon nanotubes on human blood cells. Raja et al. [36] discussed the impact of carbon 
nanotubes on cells such as smooth muscle cells. We recommend that studies on other cell types should 
have a comprehensive understanding of the effect of carbon nanotubes on the human organism.  
For in vitro studies, the choice of model can be based on the fate and transport model of carbon 
nanotubes. Hence, we suggest more studies on environmentally relevant species in a wider range.  
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Experiment treatment and factors (e.g. dose, material used, endpoint, etc.) should be 
standardized to maintain the comparability and equivalency for different experiments. Then the results 
and conclusions which draw from multiple experiments would be more comparable, convincing, and 
accurate. 
6.1.3 Companies and Government 
(1) More environmentally friendly methods for growing carbon nanotubes 
The most common techniques for producing carbon nanotubes are arc discharge, chemical 
vapor deposition, and laser ablation (Section 4.1.4). By adding catalysis and using continuous growth 
processes, these methods are widely used for commercial purpose because of the large quantities 
produced.  
Among these manufacturing methods, chemical vapor deposition is still under development but 
shows the most promising industrial-scale-future because of its price/unit ratio and other factors. But 
chemical vapor deposition always incorporates catalysts to increase the surface area for high yield. 
There might be a direct relation between catalyst and cytotoxicity of carbon nanotubes  [17]. Therefore, 
there is a need to study a method which could preserve all the advantages of chemical vapor deposition 
with absence of the catalyst.  
(2) Accurate data collection 
The production scale of carbon nanotubes is estimated to be between 359 and 500 t/a in one 
study [105]. In fact calculating the risk on a worldwide base is not accurate because the nanoproduct 
concentrations in different area vary. Therefore, we suggest that the government should collect carbon 
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nanotube production data from the industry. (Canada was planning to launch a mandatory reporting 
program of nanomaterials.102
6.2 Guidelines for nanosilver 
)  
6.2.1 Mitigation 
(1) Silver-retaining socks 
While little is known about the toxicity of nanosilver to humans and the biota, the amount of 
information on the manufacturing process is even smaller. Detailed summaries of these studies can be 
found in Section 4.2.4. Ironically, those few studies may be valuable for devising risk mitigation methods 
most efficiently at its source. 
The study by Benn and Westerhoff  [92] illustrated a tendency that spherical and larger silver 
particles tended to stick longer in socks during washing than irregularly-shaped and smaller particles. 
Geranio et al. [93] reported that incorporating silver nanoparticles into the fiber matrix seemed to 
reduce silver released during washing. Though the validity of these findings as general rules cannot yet 
be established, since many other factors were not controlled in the studies, these are certainly valuable 
pieces of information. 
The effect of water source and detergents were studied by three groups of researchers. It is 
reassuring to know that tap water and basic conditions (pH = 10), which are common in usual washing 
processes, cause less silver release than ultrapure water and neutral conditions (pH = 7) [92]. 
Surfactants may also decrease the concentration of released silver ions [93].  
                                                          
102 http://www.olis.oecd.org/olis/2009doc.nsf/LinkTo/NT00006F1E/$FILE/JT03274953.PDF  
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However, other results are alarming. Geranio et al. [93] and Impellitteri et al. [94] all reported 
that oxidizers generally increased dissolution of silver, although hydrogen peroxide also decreased the 
stability of silver ions and precipitated them.  Chi et al. [95] reported that detergent component 
cetylpyridine bromide (CPB) increased the toxicity of nanosilver to DNA. Though the study was 
conducted at no lower than 1 mg/L Ag-NP, which is not a realistic environmental concentration under 
normal conditions, the results still provide important insight, since the synergistic toxicity of silver and 
detergents has rarely been tested. 
The studies lead us to suggest risk mitigation methods in two directions for manufacturers. First, 
they should try to use leakage resistant silver nanoparticles and incorporation methods in the 
production process. Based on the available studies, larger and spherical nanoparticles may be optimal, 
and incorporation of nanosilver into the fabric matrix should be considered as a first choice. Second, 
producers should give instructions on proper washing methods to consumers. Specifically, strong 
oxidative reagents should be avoided.  
To us the measures mainly serve as ways for reducing the environmental risk of nanosilver, but 
producers and consumers should welcome these guidelines as well, since the reduction of silver release 
helps retain the antibacterial activity of the fabrics. If possible, manufacturers should join the effort of 
conducting relevant studies. 
(2) Silver-trapping gels 
A few interesting organic structures that could trap silver nanoparticles inside them have been 
devised, including Alginate-Chitlac hydrogels containing silver nanoparticles [99], carbopol-based gel 
formulations containing Ag-NPs [63], and a chitosan-terminated herparin-containing multilayer structure 
containing nanosilver grown from a poly (ethylene terephthalate) substrate [100]. All these structures 
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were shown to be friendly to animal cells while deadly to bacteria (Section 4.2.6). We suggest that the 
structures should be adopted by industry after further studies. 
(3) Nanosilver-binding ligands 
Choi et al. [101] demonstrated the ability of sulfide ion as a ligand that binds effectively to silver 
nanoparticles (Section 4.2.6). Similarly, N-acetyl-L-cysteine, a sulfur-containing amino acid, has been 
shown to reduce nanosilver toxicity in vivo, though the mechanism was not clear [52, 61] (Section 
4.2.1.6). We thus certainly would hope relevant departments in a waste water treatment plant might 
investigate ways to make use of this application. If possible, these sulfide ions can be incorporated into a 
series of filter films that serve to collect nanosilver in the waste water. The nanosilver retrieved from the 
filter can be recycled if it is economically feasible. 
(4) Photo-switchable nanosilver 
Gunawan et al. [102] reported a novel synthesis of nanosilver on titanium dioxide substrate. The 
antimicrobial activity of the material can be switched on and off by shining light of different wavelength 
at it (Section 4.2.6). Although it might be impractical as a risk mitigation method to shine the rivers and 
lakes with UV light to reduce the killing power of the nanoparticles, this article served to encourage 
further explorations of the photochemical properties of these silver nanoparticles. 
6.2.2 Research Priorities 
As pointed out by Luoma [97], “History teaches us that a balance is needed between targeted, 
goal-driven research and research that is more exploratory.” We recognize that all research directions 
are potentially valuable, but it is absolutely necessary to prioritize. Here we present the research needs 
that we find to be essential and should be addressed as soon as possible. 
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6.2.2.1 Guidelines for Toxicity Studies 
From our literature review and risk assessment, we point out three most important knowledge 
gaps that we hope to have filled in the near future: 
(1) In vivo toxicity of nanosilver, especially to environmentally relevant organism. 
The results of our risk assessment, as discussed in Section 5.2, predict considerable threat to 
organisms in the aquatic environment but no threat to human health from environmental contact. This 
prompts us to recommend a change in toxicity research priorities toward environmental risks.  
To achieve this, Luoma [97] suggested a focus on lower concentrations103
(2) The comparative toxicity of nanosilver and other silver species, and of nanosilver with different 
characterizations. 
 and more testing on 
realistic environmental conditions rather than short-term acute toxicity. We echo this statement, and 
we further recommend that in vivo studies should receive more attention. Species that are traditionally 
known to be vulnerable or ecologically important should be studied first. Toxicity to plants and desirable 
microorganisms, which has been very little studied, should arouse a larger interest. Mammalian studies, 
especially in vitro ones, while still valuable, should be carried out with more consideration of the 
environmental risks, rather than uniformly seeking information on human health risks. 
Knowledge in these two directions is crucial. Whether nanosilver is more toxic or less toxic than 
traditional silver is a central question to legislative issues. Knowing the comparative toxicity of 
nanosilver with different sizes, shapes, and coating conditions will help decide the most desirable type 
of nanosilver with the highest possible effectiveness and the lowest possible toxicity. However, as 
pointed out in the literature review, information in both directions shows poor consistency. 
                                                          
103 Luoma specifically demanded research in the ng/l, while we find the µg/l range to be also relevant. 
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Both empirical data collection and mechanistic studies are needed to characterize the 
differences. For empirical studies, comparative experiments of different silver species and different 
nanosilver kinds on the same organism or cell type are most needed. If that is not possible, and if the 
researchers do not have particular interest in one certain organism, they should try to use organisms 
that have been used in existing studies to give comparative insight. Mechanistic knowledge is needed 
for explaining nanosilver’s toxicity both to cells (cytotoxicity) and to whole organisms. In both cases, the 
use of visualization tools, such as transmission electron microscopy (TEM) and biochemical markers, to 
locate the nanoparticles is desirable. For cytotoxicity, such techniques may be helpful in examining the 
verity of the proposed “Trojan Horse” mechanism (Section 4.2.1.6). For whole animal toxicity, 
visualization may also help determine the transportation routes of the particles in the body and decide 
whether nanosilver penetrate cell membranes in live animals. Cytotoxicity researchers should also avoid 
simply attributing nanosilver toxicity to oxidative stress. Moreover, nanosilver’s toxicity to genes has not 
been assigned a well-recognized mechanism, and should also be an area of future interest. 
(3) Nanosilver toxicity to humans through dermal exposure. 
Strictly speaking this falls out of the scope of this project, as the risk of dermal exposure toxicity 
most likely comes from contact with nanosilver-containing fabrics, a process that does not involve 
environmental factors. Here we only briefly point out that, while nanosilver has already been used in 
socks and washing machines, dermal exposure toxicity has, curiously, not been well studied. Uncertainty 
in this field should be resolved as soon as possible, since it is related to the health of consumers. 
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6.2.2.2 Guidelines for Research at Various Stages of the Life Cycle of Nanosilver in the 
Environment 
The life cycle of nanosilver has been roughly described.104
The environmental release of nanosilver from consumer products is starting to gain interest 
among environmental scientists, which is a good trend that should continue. Currently the main focus 
has been on the silver release from nanosilver-containing fabrics, especially socks (Section 4.2.4). More 
studies should be done in this direction. Comparative studies on the effect of nanosilver type, fabric 
type, and incorporation method on silver leakage will be particularly helpful. The question of whether 
silver leaks from fabrics in the nano form or the traditional ion form should be better answered. Various 
washing conditions involving different washing modes and chemical environments (from different 
detergents) should be considered. 
 In this section we present the 
important research directions that we identified for each stage of the cycle.  
Waste treatment methods that target nanosilver should be further explored. In Sections 4.2.6 
and 6.2.1 we gave examples of a few such possible methods that involve sulfur-containing ligands. 
Research projects that verify the effectiveness of these methods should be undertaken, preferably in 
realistic conditions. The potential of these methods in treating accidental contamination (for example, 
from spills) should also be studied. 
The transport and fate mechanisms of nanosilver in the environment, which was briefly 
discussed in Section 4.2.3, should be more thoroughly studied.105
                                                          
104 For the life cycle used in the risk assessment, see Figure 30; for a more detailed picture, see the carbon 
nanotube life cycle in Figure 2, which also roughly represents the life cycle of nanosilver. 
 Knowledge in three directions is most 
105 We know from personal communication that at least one such research project is under way. Professor Kurt D. 
Pennell of Tufts University said that his group has “an NSF project to look at transport of metal-based 
nanomaterials in the subsurface.” The project just started in summer 2009. He also admitted that “there are very 
few publications on metal transport, and some of those that are out there are not so good.” 
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needed: (a) the property change (for example, agglomeration, precipitation, and oxidation) of nanosilver 
in the environment and whether the change increases or decreases its toxicity, (b) the distribution of 
nanosilver (or its derivative forms) in various environmental compartments, and (c) the bioavailability of 
nanosilver (or its derivative forms) in each compartment.  
Risk assessment professionals should combine the information in the above three areas and 
couple it with better toxicity data to give more convincing pictures of nanosilver risk (Section 4.2.5). 
Parallel to this, analytical tools should be developed to monitor the concentration of nanosilver and 
related silver species. (We did not review this field very thoroughly, but see Section 4.2.7.) The results of 
both risk assessments and real-time monitoring will give policy makers better information to reach 
beneficial decisions. 
Finally, back to the first stage of the life cycle, targeted research at the production stage should 
be directed by the optimal results from research in toxicity and in other life stages. In other words, if 
silver nanoparticles of a certain size, shape, or coating condition are found to be both highly effective 
and relatively non-toxic, or if a certain method of incorporating nanosilver onto fabrics significantly 
reduces nanosilver leakage, then research should be done to make the techniques more economically 
feasible. 
6.2.3 Companies and Government 
(1) Labeling 
As we could not confirm the environmental risk of nanosilver, precautious measures such as 
consumer awareness promotion seem appropriate at the current stage. However, labeling has always 
been a controversial issue for the regulation of nanoparticles, and therefore compulsory labeling is not 
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proposed here. 106
(2) Production data collection 
  We certainly hope that companies can label their products as “Contains nanosilver” 
on a voluntary basis since this would no doubt minimize the risk of nanosilver.  
The crudity of our risk assessment, in which we are only able to bracket the predicted 
environmental concentration to a range between a low-risk and a high-risk scenario that differ by six 
orders of magnitude, is largely ascribable to the vast difference in estimates of global nanosilver 
production scale (Section 5.2.2). No regulatory decisions can be convincingly made if this problem is not 
solved.  
Working towards better production data collection will require the efforts of both industry and 
government. The government should take steps to ascertain production data by implementing more 
forceful measures. Ideally, not only production scale, but also nanosilver characterizations should be 
reported.107
  
 The data collected should then be evaluated along with the toxic concentrations to serve as 
the basis for minimizing environmental impacts. 
                                                          
106 Our co-advisor Jo Anne Shatkin listed some difficulties in making labeling mandatory. First, nanosilver lacks a 
strict definition. Second, the wording of the label cannot be agreed upon if the risk has not been well characterized 
– should the label say “Contains nanosilver” or “Caution! Contains nanosilver”? Third, to make labeling mandatory, 
the government would be responsible for providing a convincing rationale, which does not yet exist. Fourth, 
different laws regulate different usages of nanosilver (Section 1.2.2). The usage of a particular nanosilver-
containing product, and thus the law that covers it, is solely determined by the claim of the manufacturer. For 
instance, to regulate nanosilver under a specific law that covers its antimicrobial properties, the product has to be 
claimed as antimicrobial by the manufacturer. 
107 EPA is already requiring product characterization for registration of nanosilver as pesticides. See Section 1.2.2. 
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7.1 Further Reading of the Scientific Literature 
New knowledge continues to emerge on the toxicity and on environmental transport and fate of 
nanoparticles. A review of new information in the field from time to time should be helpful. The risk 
assessment should also be redone if a significant amount of new data becomes available. Nanoparticles 
other than carbon nanotubes, nanosilver, and nano titanium dioxide are currently less commonly used, 
but in the future, if new applications push up their production scale, their health and environmental 
risks may also be worth looking into. 
Due to time constraints, we were not able to thoroughly review environmental detection 
techniques for the two nanoparticles. Besides, we were not able to investigate current production 
practices in the industry, and thus were not able to suggest guidelines at that stage of the nanoparticles’ 
life cycle. It should be helpful if future IQPs can fill in these gaps. 
7.2 Interactive Promotional Tools 
It would be worthwhile to inform the general public of the data we collected for our IQP. For 
future IQP teams, making a video to describe the use of the nanomaterial and its fate and transport in 
the environment may be considered – consumers would be able to make better judgments when they 
purchase nanoproducts. Or they can target scientists and manufacturers, spreading green 
nanotechnology techniques. This would include publishing the project report or making brochures that 
can be widely distributed. 
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7.3 New Areas of Mitigation Strategies 
While we researched the possible environmental hazards of the nanoparticles themselves, 
future IQP teams may want to explore ways of reducing environmental implications of the production 
process. A good focus may be the incorporation of green chemistry principles into the production 
scheme of nanoparticles. The principles include, but are not limited to, the use of less hazardous 
synthesis methods, the reduction of side products, and the promotion of energy efficiency.108
7.4 Local Applications 
  
Students in future IQP groups may wish to take the broad, scientific, and global research done in 
this IQP and apply it to a local site/facility or a specific ecological assessment endpoint.  A team could do 
this with the literature review, risk assessment, or the guidelines.   
A team might read our literature review to understand the basic mechanisms and magnitude of 
CNT or Ag-NP toxicity and, after conducting additional research to gain depth of knowledge, conduct a 
case study with a local manufacturer to determine if the company is unnecessarily exacerbating 
environmental or health risks.  In doing so they would develop very specific guidelines aimed at 
concretely improving the methods of manufacturers.  Our own difficulties in finding case studies suggest 
that setting up such a case study would be uncertain and somewhat time consuming, but if a future 
team has better industry contacts or has an effective method for finding case studies, this would be an 
interesting and useful IQP.   
 There is also a real potential to study our literature review and risk assessment methodology 
and conduct a localized risk assessment, focused on either a single site or a single organism.  A fuure IQP 
                                                          
108 For more information, see 
http://portal.acs.org/portal/PublicWebSite/greenchemistry/about/principles/WPCP_007504 for the principles of 
green chemistry and http://portal.acs.org/portal/PublicWebSite/greenchemistry/about/principles/WPCP_007505 
for the principles of green engineering. 
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teams would probably be well served by going into greater depth of research into the in vivo studies of 
the organism that they are assessing the risk to or the most sensitive organisms in the site they are 
evaluating.  There is, however, an issue of the amount of in vivo research on environmentally relevant 
species being very limited.  Any IQP team planning to focus on a specific organism would need to 
thoroughly review the in vivo literature to ensure that sufficient information would be available to 
complete the risk assessment.  Whether focusing on a specific site or a specific organism, such an IQP 
team would need to review the literature to ensure that sufficient information on environmental fate 
and transport was available to complete such a study.   
7.5 Guidelines for Safe Usage of Carbon Nanotubes in the Workplace 
While this IQP includes a review of the literature on the respiratory effects of carbon nanotubes, 
only the environmental implications of respiratory toxicity were discussed.  Future IQP teams may be 
interested in developing guidelines aimed at protecting the workers and researchers that use carbon 
nanotubes.  Such an IQP could develop protection strategies for workers and draw upon the existing 
literature.  The project would be enhanced by the cultivation of case studies with companies or 
organizations where workers have the potential to be exposed to carbon nanotubes.  The development 
of guidelines could draw upon a more detailed comparison between the toxicity mechanisms of 
asbestos and carbon nanotubes, while still using the results of this IQP as background.   
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Interview with Professor Hong “Susan” Zhou 
1.  What material are you working with? 
Gold nanoparticles, iron oxide nanoparticles, and carbon nanotubes. 
2. What are the dimensions and size of the carbon nanotubes? 
20 micrometers long, 20 nanometers in diameter. 
3. What amounts are you using? 
A very small amount. 
4. What do you do with it? 
The bamboo-like carbon nanotubes are obtained from another lab while the single-walled and 
multi-walled carbon nanotubes are bought from Alfa-Aesar. The group compares the bamboo-like 
nanotubes with normal ones to see the different behavior in catalysis. – Professor Zhou 
Platinum and palladium particles are attached to the surface of carbon nanotubes to research on 
the electronic properties of the carbon nanotubes. – Research assistant Zanzan Zhu 
5. What is the exposure risk to the experiment? 
Since it’s only a small amount, there shouldn’t be a risk. 
6. Are there any alternatives being explored?  Why or why not? 
Since the research is on carbon nanotubes, and that’s what the public is interested about, there 
are no alternatives. 
7. What is the life cycle of usage?  What is the source of new material?   
The research does not cover that. 
8. Does the research processing change their properties?   
The toxicity of the carbon nanotubes is not changed. 
9. Where and how is it disposed?   
The carbon nanotubes are first treated with hydrochloric and sulfuric acid, heated to 90 degrees 
Celsius and stored overnight. It was then centrifuged and carboxyl groups are formed on the 
surface of the carbon nanotubes. The amino groups in the nanotubes were reactivated by EDC and 
NHS. Now the carbon nanotubes can dissolve in water, so it’s dumped into the sink. 
10. Who disposes of it? 
The research assistants at the lab dispose of the nanotubes. 
11. Is it in the TSCA inventory? 
Not sure. 
12. Can we get pictures from microscopy? 
Yes. 
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Figure 33. TEM of the multi-walled carbon nanotubes 
                                     
Interview with Professor Jianyu Liang 
1. What types of nanotubes are used?  Who manufactures the nanotubes and how are they 
manufactured? 
They are mostly multi-walled carbon nanotubes. They are 50-200 nm in diameter and over 100 
microns long. The CNTs are synthesized in the lab. Chemical vapor synthesis and electrochemical 
deposition are used for the synthesis. 
2. What amounts are used? 
About 1/10 mg for each experiment. 
3. How are they used as wires? 
They are conductive in some dimension, but not in the other. 
4. What is the exposure risk to the experiment? 
Only small amount of CNTs is used, so that shouldn’t be a problem. 
5. Are there any alternatives being explored?  Why or why not? 
The lab does research on nanofabrication, so there are no alternatives. 
6. What is the life cycle of usage? Does the research processing change their properties?   
They do not know about the life cycle.  
7. Where and how is the material disposed of?  
They are disposed of according to the substrates and are disposed in array (some kind of template 
that has CNTs embedded in it). They are probably disposed as solid waste. The CNTs are sealed in 
the templates unless they want to free it for TEM. 
8. Who disposes of it? 
The research assistants. 
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9. Is it in the TSCA inventory? 
Not sure. 
10. Can we get pictures from microscopy? 
Yes. 
 
Additional information – Prof. Liang’s research assistants Qiming Yang and Siddharth Heshram 
Carbon nanotube production method in the lab 
1. Pure aluminum is anodized into aluminum oxide, which acts as the template for CNTs.  
2. The Furnace is used remove extra carbon from the surface of the template. 
3. The Tube Furnace then embeds the CNTs onto the surface of the template. Ethyne is used in this 
process. 
Disposal: different CNTs have different disposal methods 
1. Siddharth Heshram works with polymer nanotubes, more specifically polystyrene nanotube. He 
uses about 20mL of the nanotubes each month. These nanotubes get disposed in the toluene 
bottle, and are collected by the supervisor when filled. 
2. Other templates with CNTs are dissolved in NaOH. The aluminum oxide templates will dissolve but 
the CNTs will not. The mixture is then disposed in the NaOH bottle which is also collected by the 
supervisor. 
 
 
Figure 34. Polymer with CNTs 
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Figure 35. Waste bottles (left) and the NaOH bottle (right). 
 
Figure 36. Furnace from outside (left) and furnace from inside with CNT templates (right). 
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Figure 37. Tube furnace109
 
 (left) and the tube that goes with tube furnace (right). 
Figure 38. Chemicals in the lab. 
                                                          
109 A tube furnace is an electric heating device used to conduct syntheses and purifications of inorganic compounds 
and occasionally in organic synthesis. (http://en.wikipedia.org/wiki/Tube_furnace) 
Page 144 of 171 
Appendix C    Case Studies 
 
 
Figure 39. Sputter coating machine.110
Information from Mr. David Messier 
 
Mr. Messier has managed hazardous waste from Professor Liang’s lab, which generated lab waste 
regularly.  It is generally classified as flammable solvent waste, and disposed of through the school’s 
management system, ultimately being incinerated off site by an environmental services firm, 
Triumvirate Environmental Inc. (http://www.triumvirate.com). 
The volume of material disposed of is not easy to determine, since the solvent waste is added with many 
other waste streams from across the campus, and combined into 55 gallon drums. The best estimate for 
Professor Liang’s lab is 0.5-1.0 gallons of waste per week. 
Mr. Messier does not recall removing any hazardous waste from Prof. Zhou’s research lab.  Her research 
process involves gaseous material, which is vented in a chemical fume hood.  The waste management 
team has no knowledge of any liquid waste being generated in her research lab
                                                          
110 It is used to sputter coat those samples which are not conducting like polymers. After sputter coating we can 
observe the sample in Scanning Electron Microscope. For sample to see in SEM, it has to be conducting. (Siddharth 
Heshram from Prof. Jianyu Liang’s lab) 
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D.1 Carbon Nanotubes 
In Vitro Toxicity 
Model system Exposure/Endpoint Material Key Results Reference 
Murine alveolar 
macrophage cell 
line 
- UfCB or SiO2, 40 
μg/mouse 
- 0, 10, 20, 40 
μg/mouse 
- 1, 3, 7, 28, and 60 
days 
- SWCNT 99.7% (wt) 
elemental carbon and 0.23% 
(wt) iron.  
- Pharyngeal aspiration of SWCNT induces a robust acute 
inflammatory reaction with the very early onset of a 
fibrogenic response and the formation of granulomas in 
C57BL/6 mice.  
- The formation of granulomas is mainly associated with 
deposition of dense micrometer-scale SWCNT 
aggregates 
[5] 
- Murine 
macrophage cell 
line 
- human 
macrophage 
- 15, 30, 60 μg/ml 
cell concentration 
- 24,48, 72h 
incubation 
- 30, 60 μg/ml C 
concentration 
- 1, 24, 48h 
- Highly pure SWCNT 
- Highly pure C60 
- Highly pure Synthetic 
graphite particles 
- Increase of apoptotic / necrotic cells after 48h graphite 
exposition, but not very much for SWCNT nor C60 
- Cytotoxicity of SWCNT and C60 were low 
- Do not stimulate the release of NO by murine 
macrophage cells in culture 
- Uptake by human macrophage cells is very low 
[25] 
Human 
keratinocytes 
HaCaT 
- 0.1 - 20 μg/ml 
- 24, 48, and 72h 
- SWCNT dissolved in DMF - Dose dependent activation of NF-kB due to the 
activation of stress related kinases 
- SWCNT increased free radicals 
- Decreased cell activity 
- Increased cell apoptosis 
[28] 
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Human 
peripheral blood 
lymphocytes 
- 1 to 50 μg/ml 
- 24, 48, 72h 
- SWCNT highly purified 
form (>90%) 
- Decrease in cell growth (metabolic activity) 
- Absence of cytotoxicity 
 
[30] 
Human Lung 
(A549, BEAS-2B),  
and skin cells 
(HaCaT) 
- 0 to 400 μg/ml 
- 7 to 10 days 
-SWCNT produced using 
HiPco and Arc Discharge 
 
-Carbon black used as 
control 
EC50 (mg/l) for Colony Numbers:  
A549:  
Carbon Black: >400 
Arc Discharge: >400 
HiPco SWCNT: >400 
BEAS-2B:  
Carbon Black: 14.66 
Arc Discharge: 13.70 
HiPco SWNT: 4.39 
HaCaT:  
Carbon Black: 180.90 
Arc Discharge: 106.23 
HiPco SWNT: 40.29 
 
EC50 (mg/l) for Colony Size:  
A549:  
Carbon Black: 20.63 
Arc Discharge: 28.38 
HiPco SWCNT: 15.04 
HaCaT: 
Carbon Black: 78.78 
Arc Discharge: 27.35 
HiPco SWCNT: 23.38 
 
Toxicity is indirect and results from depletion of 
nutrients in cell culture. 
A greater effect was observed for surface area of 
colonies as opposed to number of colonies.  A colony 
was defined as 50 cells.   
HiPco SWCNT was shown to be more toxic than arc 
discharge SWCNT.   
[31] 
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B-Lymphocytes, 
T-Lymphocytes, 
and Macrophages 
10 µg/ml, 24h Ammonium F-CNTs and 
fluorescent F-CNTs 
F-CNTs have no effect on immune cell viability.   
F-CNTs do not affect lymphocyte functionality.  
[32] 
Human skin 
fibroblasts 
(HSF42), human 
embryonic lung 
fibroblasts 
(IMR-90) 
0.06, 0.6 µg/ml MWCNT, produced using 
chemical vapor deposition 
-Inhaled MWCNTs are more toxic than amorphous 
carbon or quartz.   
-Significantly increased apoptosis and necrosis.   
-Reduced cell proliferation.  
[34] 
Bacteria: 
Cupriavidus 
Meetallidurans, 
Escherichia 
 MWCNT produced using 
CVD with Fe catalyst. 
CNTs were purified by acid 
treatment and were heat 
treated. 
- MWCNT toxicity does not depend on their purity.  
-SWCNTs more toxic than MWCNTs, authors believe that 
bacteria attached to aggregates of nanotubes.  
-E. coli more vulnerable than metallidurans.  
-Survival of about 50% when exposed to CNTs, 40% 
when exposed to CNTFe.    
-MWCNTs produced with CVD and an Fe catalyst are 
toxic to E. coli 
[35] 
Smooth muscle 
cells   
0.0 - 0.1 mg/ml, 3.5 
days 
SWCNT SWCNTs inhibited growth more than activated carbon.  [36] 
Human lung 
epithelial H460 
cells 
1.0 mg/ml, 24h SWCNT, produced using Arc 
Discharge with Ni-Y catalyst 
Nickel is bioavailable in toxicologically significant 
concentrations, even in purified samples.   
Nickel is not completely enclosed in carbon, and may be 
released due to defects in the carbon nanotubes that 
cannot be easily seen from TEM.   
[37] 
Human Tumor T 
Lymphocytes 
(Jurkat Cells) 
25, 100 µg/ml 
1-3 days 
-CNT produced by arc 
discharge in helium with 10-
40 nm diameter and 1-5 µm 
length 
-MWCNT produced by 
chemical vapor deposition 
with diameter of 110-170 
nm and length of 5-9 µm 
- SWCNT produced by 
SWCNT showed greater cytotoxicity.   
All three nanotube samples caused apoptosis, but did 
not increase necrosis over the basal level.   
[38] 
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chemical vapor deposition 
with diameter of 0.7-1.2 nm 
and length of 2-20 µm 
E. coli K 12 Assay for Viability 
Test 
Measurement of 
Metabolic Activity 
( 30 min, 30 min, 
60 min) 
Highly purified SWCNTs and 
MWCNTs 
Size (diameter) of CNT is a key factor governing their 
antibacterial effects. 
CNT-cytotoxicity mechanism is likely to be caused by cell 
membrane damage by direct contact with CNTs. 
[39] 
E. coli bacterial 
cells 
50 mL of 0.9%  2 × 
106 E. coli cells 
solutoion through 
either the MWCNT-
coated filter or a 
0.45 μm PVDF 
membrane filter 
(control) 
MWCNTs treated with 
common purification and 
functionalization routes 
Higher toxicity when the nanotubes are uncapped, 
debundled, short, and dispersed in solution. 
Physicochemical modifications of MWCNTs alter their 
cytotoxicity in bacterial systems. 
[40] 
Human 
mesothelioma 
cell line 
- 7.5, 15, 30 μg/ml 
- 3 days 
- Arc-discharged SWCNT of 
different agglomerations 
- SWCNT-bundles of 10 - 20 
single tubes vs. rope-like 
agglomerates of µm size 
- SWCNT-bundles cytotoxicity is less cytotoxic than 
SWCNT µm sized agglomerates.  
(cell activity and cell proliferation) 
[41] 
Keratinocyte 
epithelial cell line 
HaCaT 
- 60, 120, 240 
μg/ml 
- 2, 4, 6, 8, and 18h 
- Nitric and perchloric acid 
purified SWCNT 
- Suspended in KGM basal 
medium 
- Dose dependent decrease of the cell viability 
- Oxidative stress, antioxidant depletion 
- Morphological changes of the cells 
[42] 
Human 
epidermal 
Keratinocytes 
- 100, 200, 400 
μg/ml 
- 2, 4, 6, 8, 12, and 
24h 
- Chemically unmodified 
MWCNT 
- TEM analysis 
- Release of IL-8 in a time dependent manner 
- Vacuoles uptake of MWCNT with up to 3.6 µm length 
[110] 
Alveolar 
macrophages of 
guinea pigs 
- 1.41 - 28.25 
μg/cm2 cell culture 
- 3, 6, 12h 
- C60, SWCNT and MWCNT  
- Bundles of 10 to 100 
SWCNT 
- Bundles of 4 to 6 MWCNT 
- Cytotoxicity：SWCNT > MWCNT > quartz > C60 
- A sign of apoptotic cell death likely existed 
[111] 
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U937 cells 25 µg/ml, 4h and 
48h 
MWCNT produced by arc 
discharge in ionized water, 
CNT produced by arc 
discharge in helium, 
MWCNT produced by 
chemical vapor deposition 
-CNTs reduce cell growth by roughly the same amount if 
produced by CVD and arc discharge.   
-Nanotubes reduced cell proliferation, but were not 
cytotoxic, showing that nanotubes may reduce cell 
growth by taking away surrounding nutrients.  
[112] 
 
In Vivo Toxicity 
Model System Exposure / Endpoint Material Key Results References 
Adult, health, 
pathogen free, male 
Vister rats (250-300g) 
0-7 mg/kg using 
intratracheal 
instillation 
MWCNT None of the rats showed overt clinical signs of harm. For 
1-3 mg/kg, the lungs showed little inflammation, while 
doses of 3-7 mg/kg, the lungs showed significant severe 
inflammation. TEM showed that nanotubes were able to 
traverse capillary cell walls and that CNTs could remain 
in the lungs for up to three months after exposure.  
[1] 
Pathogen free 7-8 
week year old female 
mice 
0-40 µg administered 
using pharyngeal 
aspiration, killed 1-60 
days following 
exposure 
SWCNT produced 
using HiPco 
technique, 99.7% 
carbon and 0.23% 
Iron by weight 
Mice that were exposed to more SWCNTs showed 
greater thickness in the Alveolar Connective Tissue. 
Exposure to SWCNTs also showed increased 
accumulation of 4-HNE, a biomarker of oxidative stress. 
The lab concludes that the SWCNTs caused an acute 
inflammatory response marked by increased levels of 
inflammatory cells, inflammatory cytokines, and protein 
[5] 
Male ICR Mice, 6 
weeks old, 28-33g 
4 mg/kg using 
intratracheal 
instillation 
SWCNT and MWCNT CNTs moderately exacerbated lung inflammation and 
vascular permeability.  
[16] 
Female rats weighing 
200–250 g 
0.5, 2, 5 mg per 
animal administered 
intratracheally 
MWCNT and ground 
CNT 
The ground CNT was cleared from the lung more quickly. 
Both MWCNT and ground CNT produced an 
inflammatory response, but the response was somewhat 
stronger in the rats given ground CNT. The fibrotic 
response induced by 5 mg of ground CNT was equivalent 
to the fibrotic response induced by 2 mg of MWCNT. 
[18] 
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Study of the lungs revealed that ground CNT were more 
evenly distributed throughout the lungs, and spread 
more into the smaller airways than CNT.  
Crustaceans, 
Bacteria, Algae, 
Ciliates. Test species 
based on OECD 
guidelines, Literature 
Review 
LC50s for SWCNT 
(mg/l): Crustaceans: 
15.0 ,Bacteria: 163, 
Algae: 1.04, Ciliates: 
6.8; LC50s for MWCNT 
(mg/l): Crustaceans: 
8.7, Bacteria: 500 
Both SWCNTs and 
MWCNTs 
Both SWCNTs and MWCNTs classified as toxic. SWCNTs 
are somewhat more toxic than MWCNTs.  
[23] 
6-8 week female 
mice 
400ug intravenously 
injected, Assessed 30 
minutes, 3 hours, and 
24 hours after 
injection 
DTPA-SWCNTs (CNTs 
functionalized with 
radioactive tracer). 
Most of the nanotubes injected were cleared through 
renal excretion. No organ specific accumulation was 
found.  
[24] 
Literature Review NA Studied differences in 
samples 
Folic Acid and other micronutrients depleted at 
concentrations as small as 0.01 mg/ml or 10 mg/l. 
Bioavailable nickel and iron catalysts also contribute to 
toxicity, as there are still significant concentrations even 
after vendor purification.  
[44] 
L. Variegatus 
(oligochaete) 
0.03 or 0.003 mg/g 
dry sediment for 
SWCNT, 0.37 or 0.037 
mg/g dry sediment 
for MWCNT 
SWCNT and MWCNT 
produced using 
chemical vapor 
deposition 
Purged more material in samples with sediment and not 
just water. It was concluded that the nanotubes were 
not absorbed into the worm's tissue, but rather were 
contained in the worm's gut sediment. Nanotubes may 
accumulate in the outer cells of organisms and then 
removed when those cells are sloughed. Nanotubes may 
still enhance the bioaccumulation of other materials.  
[45] 
Amphiascus 
tenuiremis 
(Meiobenthic 
Copepod) 
0, 0.58, 0.97, 1.6, 10 
mg/l 
SWCNTs produced 
using arc discharge, 
purified and 
unpurified samples 
used 
Copepods exposed to unpurified samples showed 
greatly decreased development at concentrations above 
1 mg/L, purified SWCNTs did not show significant 
toxicity in this study.  
[50] 
Male Rats 5 mg/kg using 
intratracheal 
SWCNT 15% mortality, due to agglomeration in the airways and 
not pulmonary toxicity. SWCNTs induce foreign 
[113] 
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instillation, assessed 
24 h, 1 week, 1 month 
and 3 months 
postexposure 
contaminant response in the lungs, but aerosolized 
exposure studies are necessary to determine actual 
airborne toxicity.  
 
Environmental Fate and Transport Studies 
Model System Exposure / Endpoint Material Key Results References 
SWCNT incubated in 
fresh and saline 
water and then had 
their toxicity 
evaluated 
2.5-7 years Carbolex SWCNT The lung cells exposed to nanotubes that had been 
incubated in water showed significantly lower rates of 
necrosis. The authors hypothesized that natural organic 
matter, metals, or salts in the water facilitated the 
aggregation of the nanotubes, thereby reducing their 
reactive surface area.  
[11] 
It is hypothesized that 
nanotubes will be 
discharged into the 
aquatic environment 
through waste 
streams and during 
disposal of nanotube 
containing consumer 
products.  
10 mg/l SWCNTs produced 
using arc discharge 
SWNTs aggregate more if there is higher ionic strength in 
the water. SWNTs are much safer to copepods if they 
have been purified.  
[13] 
Yield of free radicals 
produced and 
scavenged by 
MWCNT was 
investigated.   
5 mg in 50 μl of 5% 
SDS when 
investigating 
scavenging activity 
towards superoxide 
radicals, 5 mg of 
MWCNT in 50 μl of 
5% SDS when 
investigating 
MWCNT with 
diameter of 9.7 ± 2.1 
nm and mean length 
of 5.9 ± 0.05 μm. 
MWCNT scavenge free particles and do not significantly 
generate their own free radicals 
[14] 
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scavenging activity 
towards hydroxyl 
radicals 
MWCNT exposed to 
Standard Suwannee 
River Natural Organic 
Matter 
0.6 to 6.9 mg/l of 
MWCNT for  
MWCNT produced 
using chemical vapor 
deposition with 
diameter of roughly 
140 nm and length of 
roughly 7 µm 
0.6 to 6.9 mg/L of MWCNT suspended in the aqueous 
phase, MWCNT settled more quickly in water without 
organic material 
[114] 
 
D.2 Nanosilver 
In Vitro Toxicity 
Cell Characterization* Dose** Type Summary Reference 
Rat liver 
derived cell 
line (BRL 3A) 
15nm and 100nm 5–50 μg/ml, 
24 h 
Cyto-
toxicity 
EC50 of MTT are 24 and 19 μg/ml for Ag-15 and Ag-100 NPs 
respectively.  
EC50 of LDH leakage are 50 and 24 μg/ml.  
Ag-NPs of both sizes were associated with cells exhibiting a 
blackish or reddish color, shrinking and becaming irregular in 
shape at >10 μg/ml.  
Maximum ROS levels were found at 6 h, and were 
concentration-dependent.  
Ag-NPs caused significant decreases in reduced GSH levels and 
mitochondrial membrane potential (MMP), suggesting the role 
of oxidative stress in Ag-NPs’ cytotoxicity. 
[51] 
Human 
hepatoma 
HepG2  cells 
Pre-deionized; <10 
nm (H2O); up to 
100 to 300 nm 
(agglomeration 
upon incubation in 
Various, up to 
10 μg/ml Ag-
NP; AgNO3 as 
control; 28 h 
for viablility 
Cyto-
toxicity 
 
MTT reduction decreased at >3 μg/ml Ag-NPs and was dose-
dependent. IC50 was 3.38 μg/ml for Ag-NPs and 1.37 μg/ml for 
AgNO3.  
Alamar Blue reduction decreased at >0.7 μg/ml for both 
species. IC50 was 1.95 μg/ml for Ag-NPs and 1.76 μg/ml for 
[52] 
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cell-free culture 
media) 
assays and 1 h 
for the ROS 
assay. 
AgNO3.  
LDH leakage increased at >0.7 μg/ml for both species. IC50 was 
0.53 μg/ml for Ag-NPs and 0.78 μg/ml for AgNO3. 
 Treatment with 0.2 and 0.5 μg/ml of Ag-NPs induced ROS 
dose-dependently. Addition of antioxidant NAC suppressed 
cytotoxicity.  
1 and 2 μg/ml 
Ag-NPs, 24 h 
for DNA 
damage 
study; 
0.2 μg/ml, 24 
h for mRNA 
expression 
study. AgNO3 
as control for 
both. 
Geno-
toxicity 
Ag-NPs induced γ-H2AX phosphorylation in HepG2 cells in a 
dose-dependent manner, indicating DNA damage. AgNO3 
showed similar effects. Both effects were suppressed by NAC.  
MT1b mRNA was not induced by 24 h Ag-NPs treatment, but 
was induced after 8 and 24 h AgNO3.  
GPx1 mRNA was not induced by Ag-NP, but was induced 8- 
and 19-fold after 8 and 24 h AgNO3, respectively. 
mRNA level of catalase increased 11-fold after 24 h Ag-NP, 
while AgNO3 induced increases of 26- and 44-fold at 8 and 
24 h. 
SOD1 increased 4.5-fold after 24 h AgNPs. 8 h AgNO3 resulted 
in a 3.1-fold increase. 
J774 A1 
macrophages 
2-4 (small, S), 5-7 
(medium, M), and 
20-40 (large, L) nm 
Stable, did not 
aggregate 
1 or 10 mg L-1 
(1 or 10 ppm) 
for 3, 6, 24, 
48, or 72 h 
 
Cyto-
toxicity 
Cell proliferation did not change at 1 ppm Ag-NP up to 72 h, 
but decreased dramatically at 10 ppm Ag-NP in all samples, 
while the effect of small size Ag-NPs was more pronounced 
than that of the medium or large size Ag-NPs. 
Cell morphology and cell size remained relatively normal after 
Ag-NP exposure.  
The cellular uptake of NPs was clearly visible under the 
microscope at 10 ppm. The amount of uptake decreased over 
time for both concentrations. The NPs were trapped inside the 
vesicles in the cytoplasma but did not enter the nucleus. In a 
single cell, there were several vesicles of different sizes that 
contained NPs. The NPs inside each vesicle tended to form 
clusters. 
[53] 
Geno-
toxicity 
There was no significant change in proinflammatory gene 
expression for AgNPs. 
Mouse Uncoated or coated 50 μg/ml; 4, Cyto- The uncoated particles tend to agglomerate and may be [54] 
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embryonic 
stem (mES) 
cells and 
mouse 
embryonic 
fibroblasts 
(MEF) 
by polysaccharide; 
25 nm 
24, 48, and 
72 h 
toxicity excluded from the some organelles, while the coated are far 
more dispersed and are distributed throughout the cell. 
MTT revealed higher cytotoxicity of coated Ag-NPs; 
cytotoxicity of both NPs were dose-dependent. 
Geno-
toxicity 
Both coated and uncoated NPs up-regulated the cell cycle 
checkpoint protein p53 and DNA damage repair proteins 
Rad51 and phosphorylated-H2AX expression, suggesting DNA 
damage. 
Ag-NPs also induced apoptosis, and the effect of coated Ag-
NPs was higher than uncoated Ag-NPs. 
Intact and 
damaged 
human skin 
Polyvinylpirrolidone 
coated AgNPs 
25 ± 7.1 nm  
Stable for 24h 
 
70 μg cm−2 
(4,8,20,24 h) 
 
Skin 
penetra-
tion 
Silver can pass through intact human skin with a median 
amount of 0.46 (25–75th percentiles <LOD–1.84; range <LOD–
2.23) ng cm−2 at 24 h. Penetration of silver through damaged 
skin was five times greater than through intact skin with a 
wide range of results (median 2.32 ng cm−2; 25–75th 
percentiles 0.55–8.67; range 0.43–11.6 ng cm−2). Blanks were 
below the LOD. 
[55] 
 
Human lung 
fibroblast cells 
(IMR-90) 
 
Human 
glioblastoma 
cells (U251) 
Starch-coated; 6-20 
nm  
200 μg/mL, 
48 h for 
morphology;  
25-400 
µg/mL, up to 
72 h for cell 
viability (ATP 
and cell titer 
blue); one 
million cells 
with 25-200 
μg Ag-NP for 
2-5 h for 
oxidative 
stress; 25-400 
µg/mL, 48 h 
for cell cycle 
Cyto-
toxicity 
Ag-NP treated cells appeared to be clustered with a few 
cellular extensions, and cell spreading patterns were 
restricted. 
ATP content of the cells exposed to NPs was not significantly 
affected at 24 h, but dropped drastically after 48 h, and the 
same trend was seen up to 72 h. The effect was also 
concentration-dependent. Prolonged low ATP levels, drop in 
mitochondrial activity (as measured by cell titer blue assay), 
and absence of massive cell death indicated metabolic arrest. 
Oxidative stress studies showed significant increase in 
hydrogen peroxide and superoxide production in cells treated 
with 25 and 50 μg/mL of Ag-NP, while no significant increase 
was observed beyond 100 μg/mL. 
In cell cycle studies, both cell types showed a concentration-
dependent G2 arrest. Only a small percentage of cells were 
undergoing apoptosis and necrosis at higher concentrations of 
Ag-starch NPs. 
[56] 
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ananlysis; 
U251 with 
100 μg/mL 
NPs , 48 h for 
bio-
distribution 
TEM of Ag-NP treated cell sections showed endosomes near 
the cell membrane with a large number of NPs inside. The NPs 
were found to distribute throughout the cytoplasm, inside 
lysosomes and nucleus. Also observed are large endosomes 
with NPs in the cytoplasm of the cells and near the cell and 
nuclear membrane, which suggested that NPs were entering 
the cells through endocytosis rather than diffusion. NP 
deposition was also observed in the nucleus and nucleolus. 
4 × 105 U251 
cells and 8 × 
105 IMR 90 
cells with 100 
-200 μg Ag-
NPs, 48 h 
Geno-
toxicity 
DNA damage of Ag-NP treated cells showed a concentration-
dependent increase in tail. An increase in DNA damage with 
increase in NP concentration was observed in cancer cells, but 
not in the fibroblasts beyond a 100 μg/mL.  
Chromosomes break in Ag-NP treated cells; extent of DNA 
damage was much higher in cancer cells than in fibroblasts. 
Human 
monocytic cell 
line (THP-1) 
Coated by Poly 
Vinyl Pyrrolidone 
(PVP); 69 ± 3 nm 
dry; 118 nm in H2O; 
agglomeration was 
larger in RPMI 1640 
media but was 
inhibited by the 
addition of 
antibiotics and fetal 
bovine serum 
0 to 7.5 μg/ml 
Ag NPs and 0 
to 5.3 μg/ml 
Ag ion; 0–
24 h. 
Cyto-
toxicity 
Ag NPs and Ag+ increased the production of ROS after 24 h at 
doses from 2.5 μg/ml and 0.66 μg/ml respectively, the 
steepest increase being in the interval from 2–6 h.  
[57] 
Geno-
toxicity 
Dose dependence: After 24h, by annexin V/PI assay, EC50 value 
for Ag-NPs was 2.436 μg/ml compared to 0.624 μg/ml for Ag+. 
Increases in apoptosis is seen at doses from 5 μg/ml Ag NPs 
and 0.66 μg/ml Ag+ after 24h. Increases in necrosis are seen 
from 2.5 μg/ml Ag NPs and 0.66 μg/ml Ag+ after 24 h. 
Time dependence: A significant effect of Ag-NPs is seen at 4–
6 h; for Ag+ the time is 0.5 h. The percentage of apoptotic cells 
peaks at 0.5–2 h after Ag+ exposure; for AgNPs the time is 4–
6 h. Rapid cell death (<20% viability in 6 h) is observed for 
5 μg/ml Ag NPs and 2.7 μg/ml Ag+. 
Significant DNA breakage, a hallmark of late apoptosis, was 
observed at 5 μg/ml Ag NPs after 6 h, but not for smaller 
concentrations or shorter times. 
Human 
mesenchymal 
stem cells 
(hMSCs) 
Spherical, PVP 
coated, about 100 
nm; at 50 μg mL−1, 
agglomeration of 
0.5 -50 μg 
mL−1, 7 days; 
same 
concentration 
Cyto-
toxicity 
In viability studies, at Ag-NP concentrations from 50 to 3.5 μg 
mL−1, no viable cells were detected, while no cytotoxicity was 
observed for Ag-NPs below 3 μg mL−1. For silver acetate, 
concentrations larger than 2.5 μg mL−1 have toxic effects, 
[58] 
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nanosilver 
increased with high 
electrolyte content 
but decreased by 
the presence of 
proteins 
of silver 
acetate for 
comparison 
while those smaller than 1 μg mL−1 have none. 
The addition of silver to hMSCs leads to dose-dependent 
reduction in the chemotactic response of the cells, with 
threshold concentrations similar to those in viability studies. 
Silver ions also showed greater effect in this case. 
In cytokine studies, different effects were observed for 
different cytokines. The release of IL-8 was significantly 
increased at doses higher than 2.5 μg mL−1. In contrast, the 
levels of IL-6 and VEGF were concomitantly decreased. The 
synthesis of IL-11 was not affected at the tested Ag-NP 
concentrations. 
Mouse long 
murine 
osteocytic 
bone 
cells (MLO-Y4 
cells)  and 
human 
cervical cancer 
cell line (Hela 
cells) 
10-20 nm, possibly 
coated with PVP 
0.5×10-9 
mol/L or 10-12 
mol/L Ag-NPs, 
24 hr; with or 
without 10-5 
mol/L and 
75×10-6 
mol/L 
apoptotic 
agents 
Cyto-
toxicity 
Cell viability was measured by the Trypan Blue assay for MLO-
Y4 cells. The high and low concentrations induced apoptosis 
rates of 4.72±0.64% and 6.90±0.89%, respectively. 
Combination with dexamethasone produced a 61.83% 
increase in additive effect; combination with etoposide 
produced a 131.33% increase in additive effect. 
Qualitative observations in caspase-3 activation showed 
similar trends in the Hela cells. 
 
[59] 
Rainbow trout 
(Oncorhynchus 
mykiss) 
hepatocytes 
Sodium citrate 
(Na3C6H5O7) coated; 
<10 nm (dry); up to 
40 nm (H2O); up to 
125 nm in dissolved 
organic carbon 
(DOC). 
0.063 to 
19 mg/L Ag-
NPs (with and 
without DOC) 
and AgNO3; 
48 h for 
viability 
assays and 2 h 
for ROS 
assays 
Cyto-
toxicity 
EC50 values were 2.5 mg/L, 1.1 mg/L and 2.6 mg/L for Ag-NPs, 
Ag+ and Ag NPs with DOC, respectively by Alamar Blue assay.  
EC50 values were 4.9 mg/L, 13.9 mg/L and 3.5 mg/L 
respectively by CFDA-AM assay.  
ROS levels did not change. 
[60] 
Human 
hepatoma 
HepG2 
7−10 nm, stabilized 
with 
polyethylenimine 
Up to 3.0 
mg/l, 24 h, for 
cell viability;  
Cyto-
toxicity 
Cell viability was tested by NR uptake. Up to 0.5 mg/L Ag-NP 
exposure, cell viability increased up to 20%. At doses greater 
than 1.0 mg/L Ag-NPs exhibited significant cytotoxicity. Ag-NPs 
[61] 
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with or 
without 5 mM 
N-acetyl-L-
cysteine; 
AgCO3 for 
comparison 
exposed cells became abnormal in shape, displaying the 
widened intercellular spaces (cellular shrinkage) and 
pseudopodic form (acquisition of an irregular shape). When 
cysteine was added, no significant cytotoxicity was observed, 
but morphological change was still observed. 
AgCO3 did not induce the above effects at the given 
concentration 
1 mg/l, 24 h 
for  
micronucleus 
test;1 mg/l, 
short 
exposure for   
microarray 
test; with or 
without 5 mM 
N-acetyl-L-
cysteine 
Geno-
toxicity 
Frequencies of micronucleus formation increased from 
2.1±0.40% to 47.9±3.2% by exposure to Ag-NPs. Addition of 
cysteine curbed the number to 29.3±2.5%. 
Ag-NPs exposure altered the expression levels of 529 
(induction: 236 and repression: 293) genes. Remarkable 
inductions of genes classified in “M phase” (31 genes), 
“microtuble-based process” (19 genes), “DNA repair” (16 
genes), “DNA replication” (24 genes) and “intracellular 
transport” (32 genes). Presence of cysteine reduced the 
number of genes altered to 392 (induction: 213 and 
repression: 179). 
Swiss albino 
mice primary 
fibroblasts and 
liver cells 
Spherical, 7-20 nm;  Morphology 
test:  
6.25 - 
100 μg/mL for 
primary 
fibroblasts; 
12.5-
200 μg/mL for 
primary liver 
cells 
XTT test: 
1.56–
500 μg/mL, 
24 h 
Cyto-
toxicity 
 
No changes in the cellular morphology of primary fibroblasts 
were observed up to 25 μg/mL Ag-NP; at 50-100 μg/mL cells 
were observed to be less polyhedric, more fusiform, and 
shrunken. 12.5-100 μg/mL Ag-NP treated primary liver cells 
showed no morphological changes, and appeared refractive 
with damaged irregular cell membranes at concentrations 
≥ 200 μg/mL Ag-NP. 
XTT IC50 values are 61 μg/mL and 449 μg/mL for primary 
fibroblasts and primary liver cells, respectively. 
Intracellular Ag-NPs existed inside the mitochondria of the 
primary fibroblasts and mitochondria and vacuoles of the 
primary liver cells. 
In primary fibroblasts, treatment with SNP caused 1.4-fold 
increase in lipid peroxidation, 1.2-fold increase in GSH levels, 
and no change in SOD. In primary liver cells, there was 1.1-fold 
increase in GSH, 1.4-fold increase in SOD and no change in 
[62] 
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lipid peroxidation. Overall antioxidant defense mechanisms 
seemed to be triggered. 
Geno-
toxicity 
Apoptosis is observed at about a half of IC50 (3.12–50 μg/mL 
for primary fibroblasts; 12.5–400 μg/mL for primary liver cells). 
Necrosis is observed at about twice IC50. 
Hep G2 
(human 
hepatocellular 
carcinoma) 
cells 
6.5-43.8 nm, 
average = 16 nm; 
spherical  
Varied conc., 
24h 
Cyto-
toxicity 
Ag-NPs get localized in the mitochondria. IC50 value was 251 
μg/mL by XTT assay. 
Activity of some enzymes (GSH, catalase, SOD) indicative of 
oxidative stress increased. However, changes observed in the 
levels of lipid peroxidation and GPx were not statistically 
significant. 
Ag-NP could induce apoptosis at concentrations in the range 
of 6.25−250 μg/mL. Necrosis was observed at 500 μg/mL. 
[63] 
Human 
peripheral 
blood 
mononuclear 
cells (PBMCs) 
1-2.5 nm 37 °C, 5% CO2 
0, 1, 5, 10, 15, 
20, and 
30 ppm of Ag-
NPs, 72 h 
Cyto-
toxicity 
 
Ag-NPs were found to be qualitatively cytotoxic over 15 ppm. [64] 
Medical 
applica-
tion 
Ag-NPs modulated cytokine production in a concentration-
dependent manner, suggesting that Ag-NPs could be used to 
treat immunologic and inflammatory diseases. 
Rat coronary 
endothelial 
cells (CECs) 
35.75 ± 13.1 nm; 
irregularly shaped 
spheres with a 
tendency to 
aggregate 
0.1–
100 μg/ml of 
Ag-NPs, 24 h 
Cyto-
toxicity 
Low concentrations (1.0–10 μg/ml) inhibited cell proliferation, 
did not affect NO production, and were associated with an 
increment in LDH release; high concentrations (50–100 μg/ml) 
induced a significant proliferative effect, stimulated NO 
production, and did not induce toxicity as measured by LDH 
release. The effects associated with low concentrations were 
not dependent on NO, while high concentrations induced NO-
dependent proliferation. Low concentrations did not activate 
the eNOS enzyme, which stimulates NO production, but high 
concentrations did.  
[65] 
Segments of 
rat aortic 
rings, pre-
contracted or 
not pre-
5 μg/ml or 
100 μg/ml of 
Ag-NPs 
Organ – 
aortic 
ring 
Results indicate that the low concentration induced 
vasoconstriction of smooth muscle in the absence and the 
presence of pre-contraction, and that the mechanism should 
be the low level of NPs blocking Ach-elicited, NO-mediated 
relaxation. The high concentration did not modify the basal 
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contracted vascular tone but stimulated vasodilation in pre-contracted 
vessels, the proposed mechanism being the high 
concentration stimulating the endothelial NO signal to the 
smooth muscle. 
Human skin 
carcinoma 
(A431) 
 
Human 
fibrosarcoma 
(HT-1080) 
Spherical; 7–20 nm.  6.25 to 
50 μg/mL for 
cytotoxicity; 
6.25 μg/mL 
for other 
studies; 24 h. 
Cyto-
toxicity 
 
Cell morphology was altered: less polyhedral, more fusiform, 
shrunken and rounded. 
IC50 of XTT assay were 10.6 and 11.6 μg/mL for HT-1080 and 
A431, respectively. 
In HT-1080, lipid peroxidation increased by 2.5 folds. GSH 
levels decreased 2.5 fold. In A431, lipid peroxidation levels 
doubled. GSH decreased by a facter of 2. 
In HT-1080, SOD levels were 1.6 times lower. In A431, SOD 
levels were 3 folds lower. In both cases catalase and GPx levels 
did not change. 
[66] 
Geno-
toxicity 
DNA fragmentation was observed in both kinds of cells. 
Caspase-3 assay revealed that Ag-NPs could induce apoptosis 
at 1.56–6.25 μg/mL. For HT-1080 cells the range was 0.78–
6.25 μg/mL. 
Allium cepa 
(cepa root tip 
cells) 
engineered AgNPs 
<100 nm 
 
25, 20, 75, 
and 100 ppm 
Cyto-
toxicity 
Silver nanoparticles exhibited cytotoxicity by decreasing the 
mitotic index in a dose dependent manner. This proves that 
silver nanoparticles may have mito-depressive effect on the A. 
cepa. Many investigations have demonstrated that reduction 
in cell activity could be due to changes in duration of mitotic 
cycle. 
[67] 
Geno-
toxicity 
Silver nanoparticles could penetrate plant system and may 
impair stages of cell division causing chromatin bridge, 
stickiness, disturbed metaphase, multiple chromosomal breaks 
and cell disintegration. 
Dopaminergic 
neuronal cell 
line, PC12 
18.3 ± 7.3 nm (dry); 
200 nm (DI H2O); 
165 nm (RPMI-1640 
media) 
10 µg/ml Ag-
NP, 24 h 
Geno-
toxicity 
The exposure induced significant dopaminergic neurotoxicity 
in PC12 cells. The expression of Gpx1 was down-regulated, 
while expressions of Th, Maoa, Comt, which are related to 
dopamine metabolism, were not changed. Also unaffected 
were the expressions of Vmat2 and Dat.  
[68] 
Rat 50-100 nm (dry); 10−6, 5 × 10−6, Cyto- Ag-NPs decreased the amplitude of INa current only at [70] 
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hippocampal 
CA1 neurons 
33-380 nm (in 
artificial 
cerebrospinal fluid 
[ACSF]) 
and 10−5 g/ml 
for 3-5 min in 
ACSF 
toxicity 10−5 g/ml. Ag-NPs produced a hyperpolarizing shift in the 
activation–voltage curve on INa currents with no effect of slope 
factor. Ag-NPs had no effects on the inactivation–voltage 
curve. Ag-NPs delayed the recovery of INa from inactivity. The 
results suggest that nano-Ag may alter the action potential of 
hippocampal CA1 neurons by depressing voltage-gated sodium 
current. 
Bovine serum 
albumin (BSA) 
40-50 nm, slightly 
aggregated 
Up to 
1.5 µg/ml Ag-
NP to 1.0 
µmol /ml BSA 
for 
fluorescence; 
up to 
3.5 µg/ml Ag-
NP to 5.0 
µmol/ml BSA 
for UV-vis and 
RLS;  
0.20 µg/ml 
Ag-NP to 0.20 
µmol/ml BSA 
for CD. 
Toxicity 
to 
protein 
Both the fluorescence peak and the UV-vis peak decreased 
when Ag-NPs were added, and the UV-vis peak showed an 
Einstein shift. Both results indicated alteration in the spatial 
structure of BSA and the resultant increase in the exposure of 
Trp. The decrease was dose-dependent up to a weight ratio of 
nanoAg to BSA at about 1:96 and did not vary with dose 
onwards. 
The RLS spectra showed no peak in BSA but a peak when Ag-
NPs were added. The peak was similar to the silver peak with 
an Einstein shift indicating formation of a new BSA-Ag-NP 
complex. The effect was dose-dependent up to a 1:96 Ag-NP-
to-BSA weight ratio. 
Analysis of the result from CD showed an increase in α-helix 
and a decrease in β-sheet, leading to a loosening of the 
protein skeleton. 
TEM and electrophoresis studies revealed coating of BSA onto 
the Ag-NPs. 
[71] 
Escherichia 
coli 
Spherical: 39 nm 
Nanorods: 133-192 
nm in length, 16 
nm in diameter 
Truncated 
triangular 
nanoplates: 
average edge 
length 40 nm 
All in stable 
0.01 – 1 
μg/ml Ag-NP 
in nutrient 
broth, 24 h; 1 
to 100 µg Ag-
NPs on agar 
plates, 24 h 
Anti-
bacterial 
activity 
Truncated triangular silver nanoplates displayed the strongest 
biocidal action, compared with spherical and rod-shaped 
nanoparticles and with Ag+ (in AgNO3). 
When 100 µl of 107 CFU/ml E. coli was applied on the agar 
plates, truncated triangular NPs caused almost complete 
inhibition of bacterial growth at 1 µg; spherical caused 
significant inhibition at 12.5 µg and 100% inhibition at 50 µg; 
rod-shaped did not cause 100% inhibition even at 100 µg; and 
Ag+ exhibited the smallest toxicity.  
When 100 µl of 105 CFU/ml E. coli was applied on the agar 
[80] 
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hydrosol plates, spherical NPs caused almost complete inhibition of 
bacterial growth at 6 µg; for Ag+ the number was 12.5 µg. 
In the broth study, truncated triangular nanoplates again 
demonstrated the greatest toxicity, while all NPs caused a 
growth delay.  
The killing activity of the mixture of all NPs was found to be 
sustained after 26 h, but diminish after 1-2 weeks.  
In morphology studies, Ag-NP treated cells showed major 
damage in the outer membrane. NPs were observed to 
accumulate  in the membrane with some penetrating it. 
   *All Ag-NP sizes reported above are diameters unless specified. 
**All Ag salt concentrations reported above are equivalent elemental Ag concentrations unless specified. 
 
 
In Vivo Toxicity 
Animal Characterization* Dose** Type Summary Reference 
Sprague-Dawley 
rats 
Carbopol based gel 
formulation of Ag-NPs 
containing final Ag 
concentrations of 0.1 
mg/g 
2000 mg/kg, 24 
h. 
Dermal The acute dermal LD50 value of the gel was found 
to be greater than 2000 mg/kg body weight. No 
pathological abnormalities were seen after 14 
days, either in the living animals or in the organs 
of sacrificed animals. 
[63] 
Chlamydomonas 
reinhardtii 
Carbonate-coated 
AgNPs 
10-200nm, (98% 
25nm, median 40nm) 
No aggregation  
5μM, 10μM 
1,2,3,4,5 h  
Cyto-toxicity Both nanoparticles and ions are the source of 
nanosilver’s toxicity, with nanoparticles furthering 
the ions’ impacts.  
Cysteine ligands that bind to either nanosilver or 
silver ions were used in the solutions that 
contained both kinds of silver. It took an excess of 
100nM of the cysteine to neutralize the toxicity of 
the nanosilver than silver ions. 
[73] 
AgNO3 
 
500nM, 
1h and 2h 
Zebrafish 26.6 ± 8.8 nm; 
2h, 24h, and 48h after 
1000 µg/l, up to 
48 h, with 
Whole 
animal 
The gill filament widths of the zebrafish were 
higher in soluble Ag than in Ag-NPs. 
[74] 
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exposure, 
approximately 5% of 
the original Ag-NPs 
remained as NPs in 
water 
equivalent Ag+ 
control 
toxicity  Exposure to Ag-NPs caused significantly higher 
amounts of silver associated with both gills and 
whole carcasses than exposure to soluble silver. 
In Ag-NP exposed fish, the number of significantly 
differentially expressed genes increased from 148 
at 24 h to 462 at 48 h. 
Geno-toxicity 
E. coli (gram-
negative) and S. 
aureus (gram-
positive) 
7, 29, 89 nm MIC for 7, 29, 89 
nm in µg/ml: 
E. coli: 6.25, 
13.02, 11.79 
S. aureus: 7.5, 
16.67,33.71 
Antibacterial 
effect 
MIC (minimum inhibition concentration )of all 
samples is lower when tested against E. coli than 
when tested against S. aureus.  
Antibacterial activity decreases with an increase in 
the size of silver particles. 
[75] 
Crassostrea 
virginica 
15 ± 6 nm 
 
1.6 to 
0.0016 μg L−1, 
48h (embryos) 
16 to 
0.0016 μg L−1,48h 
(adults) 
Acute animal 
toxicity 
All exposures were conducted with natural 
seawater (0.22 μm filtered), adjusted to 25 psu 
with distilled water, at 25 °C.  
The patterns of toxicity were different, with 
embryos apparently able to resist toxicity over a 
wide range of low concentrations, and then 
normal embryonic development was almost 
completely blocked at a threshold concentration, 
whereas adults responded in a more dose-
dependent manner. 
[76] 
Sprague-Dawley 
rats 
13–15 nm; aerosol Low-dose 
(1.73 × 104/cm3, 
0.5 μg/m3); 
middle-dose 
(1.27 × 105/cm3, 
3.5 μg/m3); and 
high-dose 
(1.32 × 106/cm3, 
61 μg/m3); 6 h 
per day, 5 times 
a week, 28 days. 
Respira-tory  Histopathological evaluation for toxicity in the 
lungs revealed no remarkable changes, except for 
foamy alveolar macrophages in middle- and high-
dose. In the nasal cavities, an increase in goblet 
cells was observed.  
Histochemical studies of mucins showed no 
significant dose-response pattern. 
 
[77] 
Sprague-Dawley 18-19 nm Control, low Subchronic No effect on food consumption body and organ [78] 
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rats dose (0.6 x 106 
particle/cm3, 49 
µg/m3), middle 
dose (1.4 x 106 
particle/cm3, 133 
µg/m3), and high 
dose (3.0 x 106 
particle/cm3, 515 
µg/m3); 6 h/day, 
5 days/week, for 
13 weeks 
inhalation 
toxicity – 
liver, lung, 
kidney, 
blood, nose, 
brain and 
heart 
weights was observed.  
There were no significant dose-related differences 
in the hematology values or blood biochemical 
parameters. 
Silver concentration in lung tissue, blood, liver, 
olfactory bulb and brain increased with dose. 
Silver concentrations in the kidneys showed a 
gender difference, with the female kidneys 
containing 2-3 times more silver than male 
kidneys. 
In the livers of male rats, Ag-NPs caused minimal 
bile-duct hyperplasia at middle and high doses, 
dose-dependently. In female rats all groups 
displayed minimal bile-duct hyperplasia, with the 
high dose group having the highest count. 
Mineralization, necrosis, fibrosis, and/or 
pigmentation were observed in a few rats. 
Lung samples revealed a high incidence of minimal 
alterations, including some chronic alveolar 
inflammation, a mixed cell perivascular infiltrate, 
and alveolar macrophage accumulation in the 
high-dose. 
No such findings existed in the nasal pathways, 
kidneys and hearts. 
Erythrocyte aggregation and kidney function test 
revealed no significant difference among the 
groups. 
Zebrafish 
embryos 
Colloidal, 3, 10, 50, 
and 100 nm, 
spherical; stable in 
egg-water for 1 day; 
unstable after 5 days. 
250, 25, 2.5, and 
0.25 µM, 4, 24, 
48, 96, and 120 
hours post-
fertilization 
Lethality and 
sub-lethal 
toxic effects 
Lethality of Ag-NPs increased dose-dependently; 
size-dependence was ambiguous. The LC50 values 
were 93.31 µM for 3 nm, 125.66 µM for 10 nm, 
126.96 µM for 50 nm, and 137.26 µM for 100 nm. 
Toxicity values, which rated morphological 
defects, also showed dose-dependence. 
Observed sub-lethal toxic effects include: opaque 
[79] 
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and nondepleted yolk, small head, jaw and snout 
malformations, stunted growth, circulatory 
malformations, tail malformations, body 
degradation, pericardial edema, bent spine, and 
not hatching by 120 hours post-fertilization. Some 
of the effects were found to be size-dependent. 
Eurasian perch 
(Perca fluviatilis) 
81 ± 2 nm; mostly 
slightly elliptical or 
multifaceted shape, 
but some triangular; 
simple cubic 
crystalline 
orientation; no 
influence on water 
clarity; no 
sedimentation; ~35% 
remained in water 
after 20 h 
63, 129 and 
300 μg L−1 Ag-
NPs; 39 and 
386 μg L−1 
AgNO3; silver-
free control; all 
for three days 
Respiratory 
in water 
Oxygen consumption of the fish, expressed by the 
basal metabolic rate, was measured. All 
concentrations of Ag-NP and 39 μg L−1 AgNO3 had 
no effect on oxygen consumption; 386 μg L−1 
AgNO3 caused significant elevation in oxygen 
consumption. 
The critical oxygen tension below which the fish 
can no longer maintain aerobic metabolism was 
measured. Higer values of this index indicate 
impairment of the hypoxia tolerance of perch. The 
value increased approximately 50% after exposure 
to 300 μg L−1 Ag-NP, and increased 31% and 48% 
by 39 μg L−1 and 386 μg L−1 AgNO3, respectively. 
The value did not change significantly after 
exposure to lower concentration of Ag-NPs. 
[81] 
Third instar 
larvae of 
Drosophila 
melanogaster 
Polysaccharide 
coated, 10 nm; 
spherical, 
unagglomerated in 
H2O 
50 and 
100 μg/ml; 24 
and 48 h 
Cyto-toxicity MDA, GSH, SOD, and CAT levels all indicate that 
the Ag-NPs induced oxidative stress. 
[82] 
Geno-toxicity Ag-NPs up-regulated the expression of Hsp 70, 
p53, and p38, and induced apoptosis at the given 
concentrations. 
Japanese 
medaka (Oryzias 
latipes) 
49.6 nm Up to c.a. 50 μg/l 
Ag-NPs and 
AgNO3; flow 
through; up to 
96 h 
Acute animal 
toxicity 
LC50 with the Ag-NPs and AgNO3 were 34.6 and 
36.5 μg/l, respectively, after 96 h exposure. 
[83] 
Geno-toxicity Ag-NPs induced all six genes studied that are 
related with metal detoxification/metabolism 
regulation and radical scavenging action. Ionic 
silver induced three, and the overall stress 
response was lower. 
Soil Nematode About 20 nm; mixture 0.1 mg/L, 24 h Geno-toxicity Microarray analysis showed upregulated [84] 
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Caenorhabditis 
elegans 
of single particles and 
aggregates 
for microarray 
analysis; 
0.05, 0.1, and 0.5 
mg/L, 24 h for 
quantitative RT-
PCR; 
0.05, 0.1, and 0.5 
mg/L, 24 h for 
survival and 
growth analysis; 
0.05, 0.1, and 0.5 
mg/L, 72 h for 
reproduction 
analysis; same 
concentrations 
of AgNO3 for 
comparison 
and acute 
animal 
toxicity 
expression levels of 415 gene probes and 
downregulation of 1217. 26 of the upregulated 
and 685 of the downregulated genes were 
annotated. 
Quantitative RT-PCR was performed for 26 genes. 
The expression of four genes (M162.5, mtl-2, sod-
3, and daf-12) was upregulated, with the 
increased expression of mtl-2 and sod-3 occurring 
dose-dependently. 
24 h exposure did not affect the survival and 
growth of the wild type; 72 h exposure 
dramatically affacted the reproduction potential 
of the wild type. mtl-2 (gk125), sod-3 (gk235), and 
daf-12 (rh286) mutant strains were also examined. 
The mutant strains’ survival and growth response 
were not different from that of the wild type, but 
reproductive responses of the mtl-2 (gk125) and 
sod-3 (gk235) mutants were less sensitive to 
AgNPs exposure than the wild type, while that of 
the daf-12 (rh286) mutant was similar to that of 
the wild type. 
The degree of reproduction potential decrease 
was more significant with Ag-NPs exposure than 
with Ag ions. Ag ion exposure at 0.1 and 0.5 mg/L 
induced the expression of hsp gene groups (hsp-
16.1, hsp-16.2, hsp-16.41, and hsp-70) more than 
2-fold greater than the control. 
Paramecium 
caudatum 
30-40 nm; with or 
without surfactant or 
polymer; do not 
aggregate at high 
concentrations (~100-
700 mg/l), which the 
authors attributed to 
Various 
concentrations 
up to 718 mg·L−1; 
AgNO3 and  
Acute animal 
toxicity 
The lethality time of 50% of the tested organisms 
(LT50) was measured as the index of toxicity and is 
then converted to LC50 after 1 h. The calculated 
value was 39 mg·L−1.  
In contrast, a concentration of ionic silver as low 
as 0.4 mg·L−1 caused immediate death.  
The LC50 after 1 h for Tween 80-modified silver 
[85] 
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the removal of 
dissolved electrolytes 
from the dispersion, 
which was a feature 
of their novel 
concentration 
procedure  
NPs was 16 mg·L−1. Tween 80 itself did not show 
toxicity. 
Little change was observed between the toxicity 
of Ag-NPs modified by PEG 35000 and PVP 360 
and that of ordinary Ag-NPs. 
Zebrafish  
embryos 
Spherical, 11.6 ± 3.5 
nm 
No aggregation, no 
photodecomposition. 
0.04–0.71 nM Finfold 
abnormality 
and 
tail/spinal 
cord flexure 
and 
truncation, 
Cardiac 
malformation 
and yolk sac 
edema,  head 
edema and 
eye 
deformity 
Single Ag nanoparticles (5–46 nm) are transported 
into and out of embryos through chorion pore 
canals (CPCs) and exhibit Brownian diffusion, with 
the diffusion coefficient inside the chorionic space 
(3 × 10−9 cm2/s) 26 times lower than that in egg 
water (7.7 × 10−8 cm2/s). In contrast, nanoparticles 
were trapped inside CPCs and the inner mass of 
the embryos, showing restricted diffusion. 
Individual Ag nanoparticles were observed inside 
embryos at each developmental stage and in 
normally developed, deformed, and dead 
zebrafish, showing that the biocompatibility and 
toxicity of Ag nanoparticles and types of 
abnormalities observed in zebrafish are highly 
dependent on the dose of Ag nanoparticles, with a 
critical concentration of 0.19 nM. Rates of passive 
diffusion and accumulation of nanoparticles in 
embryos are likely responsible for the dose-
dependent abnormalities. 
[86] 
Caudate 
nucleus, frontal 
cortex, and 
hippocampus of 
C57BL/6N mice 
29.3 ± 12.5 nm (dry); 
118 nm (DI H2O); 
1090 nm  (phosphate-
buffered saline [PBS]) 
100 mg/kg, 
500 mg/kg or 
1000 mg/kg Ag-
NPs, fed; 24 h 
Geno-toxicity A total of 46 (18 for caudate nucleus, 14 for 
frontal cortex, 29 for hippocampus; there were 
overlaps) out of the 84 genes studied were 
significantly differentially expressed. 
Genes differentially expressed in caudate nucleus: 
Aqr Atr Ccs Ercc2 Errc6 Fmo2 Gpx3 Gsr Ngb Nox1 
Park7 Prdx6 Prnp Sod2 Srxn1 Txnip Txnrd3 Vim. 
Genes differentially expressed frontal cortex: Aass 
[115] 
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Cygb Dnm2 Fmo2 Gpx2 Gsr Gstk1 Ift172 Ii22 
Noxo1 Nqo1 Nxn Txnip Txnrd2 
Genes differentially expressed in hippocampus: 
Atr Ccs Duox1 Ehd2 Epx Ercc2 Fmo2 Gab1 Gsr Idh1 
Ift172 Kif9 Mb Mpo Nox4 Noxo Ppp1r15b Prdx6 
Prdx6-rs1 Prnp Ptgs2 Serpinb1b Sod3 Srxn1 Txnip 
Txnrd2 Zmynd17 Gusb Actb 
   *All Ag-NP sizes reported above are diameters unless specified. 
**All Ag salt concentrations reported above are equivalent elemental Ag concentrations unless specified. 
 
 
Page 168 of 171 
Glossary 
 
Glossary 
Ag-NP = Silver nanoparticle 
Alamar blue: Its reduction indicates metabolic activity 
Alginate : An anionic polysaccharide 
Alveoli: Structure in the lung where blood where gas exchange occurs 
AN-MWCNTs = Annealed AP-MWCNT. 
Annexin V/PI = Annexin V/propidium iodide; measures apoptosis and necrosis 
AP-MWCNT = As-prepared MWCNT  
Apoptosis: Programmed Cell Death 
Arc discharge : A carbon nanotube production method: vaporizing carbon by sending huge amounts of electricity (100 amps) through a graphite 
sheet 
Asbestos : A group of thin, fibrous silicate mineral crystals that cause scarring of the lung tissue, lung cancer, and mesothelioma – the cancer of 
the epithelial cells in the lung 
AT-MWCNT = Acid treated DO-MWCNT. 
Bamboo-like carbon nanotube : A common type of CNTs which has regularly occurring compartment-like graphitic structure inside the nanotube 
resembling the structure of the bamboo plant 
C60 = Fullerene :  A molecule composed entirely of carbon in the form of a hollow sphere. 
Carbopol : Prop-2-enoic acid 
Catalase : An enzyme whose main function is to catalyze the decomposition of hydrogen peroxide, a potent oxidant 
Cell titer blue: A fluorimetric measurement of the metabolically active cells in a culture 
CFDA-AM = 5-Carboxyfluorescein diacetate acetoxymethyl ester; indirectly indicates cell membrane integrity 
CFU = Colony-forming unit; a measure of viable bacterial or fungal numbers 
Chemical vapor deposition : A carbon nanotube production method: heating methane to over 600 °C, and freed carbon atoms form nanotubes 
when they connect with a porous catalyst on the substrate 
Chitlac : 1-Deoxylactit-1-yl chitosan, a substituted polysaccharide 
Chitosan : A polysaccharide 
Clonogenic Assays: Assay in which cells are left to grow in a culture that contains a concentration of some chemical.  The number of colonies 
after a certain period of time is used to assess the degree to which the chemical inhibits growth of that cell 
CNT = Carbon nanotube 
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CPB = Cetylpyridine bromide, detergent component. 
Cytokines: Substances secreted by immune cells for signaling 
DI = Deionized 
DOC = Dissolved organic carbon 
DOD = Department of Defense 
DOE = Department of Energy  
DO-MWCNT = Dry-oxidized AP-MWCNT. 
EC50 = Median Effective Concentration 
EDC = 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide, commonly obtained as the hydrochloride, is a water soluble carbodiimide which is 
typically employed in the 4.0-6.0 pH range. 
EHS = Environmental health and safety 
EPA = Environmental Protection Agency (United States) 
FDA = Food and Drug Administration (United States) 
FFDCA = Federal Food, Drug, and Cosmetic Act 
FIFRA = Federal Insecticide, Fungicide, and Rodenticide Act  
f-MWCNT = Functionalized AT-MWCNT. 
Folic Acid: Commonly known as Vitamin B9, essential to many bodily functions 
FRAS = Ferric reducing ability of serum : a screening tool to quantify the degree of oxidative damage induced on human blood serum 
G2 phase = Gap 2 : the phase in the cell division cycle right before M phase. 
GPx = Glutathione peroxidase; an enzyme family of peroxidase activity whose main biological role is to protect the organism from oxidative 
damage 
Gram-negative bacteria : Bacteria that lose crystal violet stain (and take the color of the red counterstain) in Gram's method of staining. This is 
characteristic of bacteria that have a cell wall composed of a thin layer of a particular substance (called peptidoglycan). 
Gram-positive bacteria: Bacteria that retain the color of the crystal violet stain in the Gram stain. This is characteristic of bacteria that have a cell 
wall composed of a thick layer of a particular substance (called peptidologlycan).  
GSH = Glutathione; decrease in the activity of its reduced form suggests oxidative stress 
Heparin : A highly-sulfated glycosaminoglycan widely used as an injectable anticoagulant 
hpf  = Hour post fertilization 
IC50 = Median Inhibition Concentration 
ICON = International Council on Nanotechnology 
IL-8: Chemical released by macrophages to trigger an immune reaction 
In vitro: Study on specific cells (Latin: in glass) 
In vivo: Study done on whole, living animal (Latin: in the living) 
Intratracheal instillation: Direct instillation of material into animal’s lungs to insure a controlled dose 
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Intravenous injection : Injection made into a vein 
IQP = Interactive Qualifying Project 
Keratinocytes: Most common cell type in the epidermis, the outer layer of human skin 
LAS = Linear alkyl benzene sulfonate, an anionic surfactant common in detergents 
Laser ablation : A carbon nanotube production method : firing a laser at a graphite rod 
LC50 = Median lethal concentration 
LD50 = Median lethal dose 
LDH = Lactate dehydrogenase; its leakage indicates harmed cell membrane integrity. 
LOEC = Lowest observed effects concentration; same concept as PNEC. 
Lumbriculus Variegates: Oligochaete recommended by the EPA in 2000 as the "freshwater organism of choice for assessing bioaccumulation”  
M phase = Mitosis : the process by which a eukaryotic cell separates the chromosomes in its cell nucleus into two identical sets in two nuclei. 
Macrophage: Immune cells that engulf and digest cellular debris and pathogens 
MDA = Malondialdehyde; one of the end products of membrane lipid peroxidation. 
Mesothelioma: Form of cancer usually caused by exposure to asbestos 
MTT = 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide; its reduction indicates mitochondrial activity. 
MWCNT (sometimes MWNT) = Multi-walled carbon nanotube 
NanoCEO = Nanotechnology Citizen Engagement Organization  
Necrosis: Acute cell death 
NHS = N-Hydroxysuccinimide, a compound with a molecular weight of 115.09 and a melting point of 95 °C. 
NIH = National Institute of health  
NIOSH = National Institute of Occupational Safety and Health  
NIST = National Institute of Standards and Technology  
NMSP = Nanoscale Material Stewardship Program; EPA's voluntary nanomaterial registration program 
NNI = National Nanotechnology Initiative 
NP = Nanoparticle 
NSF = National Science Foundation 
OECD/WPMN = Organisation for Economic Co-operation and Development’s Working Party on Manufactured Nanomaterials 
PEC = Predicted environmental concentration 
PEN = Project on Emerging Nanotechnology  
Pharyngeal aspiration : A method for exposing the mouse lung to soluble antigens by pipetting them onto the pharyngeal region of the tongue 
PNEC = Predicted no effect concentration; same concept as LOEC. 
PVP = Polyvinylpyrrolidone 
ROS = Reactive oxygen species 
SDS = n-Dodecylsulfat sodium salt 
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SDS = n-Dodecylsulfat sodium salt, an anionic surfactant common in detergents 
s-MWCNTs = Annealed as-prepared short MWCNTs  
SOD = Superoxide dismutase; antioxidant enzyme 
Sputter Coating machine: A machine for sputter-coating samples that are not conducting, such as polymers. 
SWCNT (sometimes SWNT) = Single-walled carbon nanotube 
t/a = metric tons per year (annum) 
TEM = Transmission electron microscopy, capable of detecting features on the nanoscale 
TiO2 = Titanium dioxide 
TPGS = Tocopheryl polyethylene glycol succinate, an antioxidant surfactant. 
TSCA = Toxic Substances Control Act 
Tube furnace : An electric heating device used to conduct synthesis and purifications of inorganic compounds.  
USDA = US Department of Agriculture  
UV = Ultraviolet 
WPI = Worcester Polytechnic Institute 
XTT = Sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate; its cleavage indicates 
metabolic activity. 
Zeta potential : Electrokinetic potential in colloidal systems  
